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Preface

Following the discovery of fullerenes by Kroto, Curl and Smalley, the development
of the macroscopic scale fullerene synthesis by Kriatschmer and Huffman in 1990
represents a major breakthrough in carbon science. Indeed, the availability of these
caged molecules exclusively constituted by carbon atoms has generated an unprec-
edented interest in the scientific community and research on carbon nanomaterials
became a major hot topic in science. Among the most spectacular findings, full-
erenes were found to behave like electronegative molecules able to reversibly
accept several electrons, to become a supraconductor in M;Cg species (M=alkali
metals) or to be an interesting material for solar energy conversion. Since the
incorporation of fullerenes into thin films is required for the preparation of many
optoelectronic devices, the past several years have seen a considerable growth in
the use of fullerene-based derivatives at surfaces and interfaces. On the other hand,
the self-assembly of fullerene materials and the preparation of fullerene-containing
liquid crystals have also been extensively investigated. The different aspects of this
research are nicely summarized in the chapters written by Nakanishi, Zhao, Guldi
and Felder-Flesch.

In recent years, the unique electronic properties of fullerenes have also generated
significant research activities focused on their use as electron and/or energy accep-
tors in photochemical molecular devices. The combination of the carbon sphere
with all kinds of donors is of particular interest. On one hand, such hybrid systems
have shown excited state interactions making them excellent candidates for funda-
mental photophysical studies. On the other hand, such derivatives have been used
for photovoltaic applications. This specific aspect of fullerene chemistry is illu-
strated with phthalocyanines/fullerene hybrid materials in the chapter prepared by
Torres and co-workers.

The tremendous scientific interest initially generated by the discovery of full-
erenes has been rapidly extended to other forms of carbon nanomaterials. Important
breakthroughs in carbon science occurred rapidly with the discovery of carbon
nanotubes by Iijima in 1991 and the isolation of hexagonal carbon sheets from
graphite (graphene) by Geim and Novoselov in 2004. Bonifazi et al. in their chapter
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describe supramolecular approaches aimed at the functionalization of such carbon-
based nanostructures focusing on their properties and applicative uses as self-
organized materials at interfaces.

Whereas the most common carbon allotropes are based on sp’- or sp>-carbon
atoms, little is known about the allotrope constructed from sp-hybridized C atoms, a
material commonly called carbyne. Without a defined sample of carbyne to study,
synthetic chemists have attempted to model the properties of carbyne through the
formation of defined length oligomers based on a cumulene or polyyne skeleton. In
the last chapter, Tykwinski et al. summarize the most recent advances towards the
preparation and the properties of sp-hybridized carbon nanomaterials.

Contributions from laboratories from all over the world are collected in this
special issue and illustrate major aspects of the current state of the art of carbon
nanoscience. All the chapters contained in this issue have been prepared by leading
scientists, and I would like to warmly thank all of them for their contributions and
their enthusiasm to participate in this volume. I further thank Springer DE for its
support in this enterprise and in particular J. Bhaskar and T. Jager for the efficient
handling of all the chapters.

Strasbourg, France Jean-Frangois Nierengarten
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Exotic Self-Organized Fullerene
Materials Based on Uncommon
Hydrophobic—Amphiphilic Approach

Yanfei Shen and Takashi Nakanishi

Abstract This review documents the recent developments of supramolecular
materials composed of alkylated fullerenes (Cgo) which have a unique hydrophobic
amphiphilicity. Unlike the conventional amphiphiles composed of hydrophilic and
hydrophobic units, the alkyl-conjugated Cg, derivatives presented here contain two
hydrophobic moieties, Cgo and alkyl tails. Slightly different hydrophobicity and
chemical nature make them arranged into microphase-segregated mesostructures
with lamella units in nanometer scale, which mainly relies on the relatively weak
interactions, - in neighboring Cgo molecules, and van der Waals between alkyl
chains. These molecular assemblies and supramolecular arrays feature distinct
dimensionality and morphologies, namely exotic assemblies, as a consequence of
the presence of different assembly environment, and different number and length of
the alkyl chains, as well as the position of the substitutions. The systematic
exploration of the molecular design and preparative methodologies for new versa-
tile supramolecular materials will be reviewed in details.

Keywords Self-assembly - Supramolecular materials - Fullerenes - Hydrophobic
amphiphilicity
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Abbreviations

2D Two-dimensional

AFM Atomic force microscopy

DSC Differential scanning calorimetry

ex-TTF n-extended tetrathiafulvalene

FET Field emission transistors

FFT Fast Fourier transform

HOPG Highly oriented pyrolytic graphite

HR-cryo-TEM High-resolution cryogenic transmission electron microscopy

HRTEM High-resolution transmission electron microscopy

it-PMMA Isotactic-PMMA

LC Liquid crystal

LLIP Liquid-liquid interfacial precipitation

NIR Near-infrared

OLED Organic light-emitting diodes

PEO Poly(ethylene oxide)

SERS Surface-enhanced Raman scattering

STM Scanning tunneling microscopy

st-PMMA Syndiotactic-poly(methyl methacrylate

SWNT Single-wall carbon nanotubes

SXAS Small-angle X-ray scattering

XRD X-ray diffraction

1 Introduction

Supramolecular assembly, in which molecular building blocks are organized into
high-order functional structures via comparatively weak forces, offers attractive
features in chemistry, materials science, and nanotechnology [1]. One of the great
challenges for materials science is the development of supramolecular materials in
which the constituent units are highly regular molecular nanostructures. By
controlling the surface morphology, the precisely defined molecular materials are
expected to exhibit promising properties and specific functions such as controllable
surface wettability [2, 3], chemical sensing [4-7], enhanced mechanical properties
[8], electrical conductivity [9, 10], and promoted optoelectronic features
[11-13]. Therefore, self-assembly based on supramolecular chemistry has become
crucial processes and techniques for the construction of exotic soft materials, having
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unique shape and morphology, with flexible properties from functional molecules.
Among various functional molecules [14], conductive or semiconductive organic
molecules or polymers have received intense interest because of many possible future
applications such as field emission transistors (FET) and organic light-emitting
diodes (OLED); organic solar cells are desired by tuning intermolecular and intramo-
lecular interactions [ 15—17]. Therefore, fully understanding the characteristic of these
assemblies and their optoelectronic and thermal functions is highly important for the
development of exotic supramolecular soft materials.

Fullerenes are a unique class of nanocarbon molecule and therefore interesting
building blocks for supramolecular architectures. With the increasing interest since
the discovery of fullerenes in 1990, a great deal of effort was devoted to materials
science applications such as ultimate superconductors [18], ferromagnets [19, 20],
lubricants [21], and photoconductors [22]. Transferring the properties of the fuller-
ene to bulk materials which exhibit the original features of Cg( has been a common
task in the field. However, the low solubility of pristine Cgy somehow prohibits its
large-scale productions and applications. As a result, the chemical functionalization
of Cgp has partially surmounted the problem.

In this chapter, we discuss recent developments of fullerenes in supramolecular
materials, with particular emphasis to one series of uncommon Cg derivatives. We
introduce a new concept of amphiphilicity and demonstrate different degrees of
hydrophobicities by alkylation of Cg( and control of their exotic assembly phenom-
ena in organic solvents. It should be pointed out that the derivatives offer various
number of opportunities for the development of novel materials and applications, as
compared to pristine Cgy.

2 Self-Assemblies of Pristine Cg

2.1 Controlled Assembly of Cg

Pristine Cgo forms various crystals and assemblies, from different solvents, with
dissimilar structure and diverse shapes. The nature of the solvent plays a major role
in the cluster structure. The solution-driven assemblies such as liquid—liquid inter-
facial precipitation (LLIP) [23, 24] and drop drying [25, 26] processes have been
developed for the assembly of Cgo. To understand the formation of the close-packed
Cgo assemblies is quite important when one can consider their optoelectronic
functions.

As a typical example of assemblies from pristine Cgy, Miyazawa and co-workers
have developed a methodology to prepare crystalline Cgo materials as nanowhiskers,
nanotubes, and hexagonal nanosheets via LLIP method [23, 27, 28]. For example,
very thin hexagonal crystalline Cgo nanosheets were prepared at the carbon tetrachlo-
ride (CCly)/alcohol interface, and the size of the hexagonal nanosheets could
be tailored merely by changing the alcohol [27]. At CCly/2-propanol interface,
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alarge (~7.5 pm diameter) hexagonal nanosheet was observed, whereas the diameter
of the hexagonal nanosheets decreased to about 2.5 pm and 500 nm at the CCly/
ethanol and CCly/methanol interface, respectively. The X-ray diffraction (XRD)
pattern of the hexagonal nanosheets prepared at the CCl, and alcohol interfaces
revealed the existence of hexagonal Cg crystalline arrangement.

Via a similar way, other Cgq crystalline assemblies with various morphologies
have been prepared. For instance, Curry et al. developed a rapid synthesis route to
prepare single crystalline Cg( rods by controlled dropwise addition of a toluene
solution of Cg( into 2-propanol solvent [25]. Masuhara et al. established a facile
solvent-induced reprecipitation method using m-xylene and 2-propanol as good and
poor solvents [29, 30]. By quickly injecting an m-xylene solution of Cg into
vigorously stirred 2-propanol and followed by keeping at room temperature for
several hours, “monodispersed” Cgy nano/microcrystals with unique morphology
can be prepared. The resulting nano/microcrystals had a hexagonal crystalline
ordering with various morphologies such as rodlike, cubic, brancked rods, and
six-faced prism structures.

Liu and co-workers synthesized thin, rectangular Cgy nanorods in face-centered
cubic structure by evaporating an m-xylene solution of Cgo on silicon or glass
substrates [26]. In the initial production stage, the solvent is trapped into the crystal
to form hexagonal solvated Cg nanorods during evaporation at temperatures below
55°C. The trapped solvent is then easily removed by heat treatment at 61°C under
vacuum, resulting in a transformation of the hexagonal structure of the solvated Cgq
nanorods into the fcc structure. The length-to-diameter ratio of the rods can be
controlled by the evaporation rate. As the evaporation rate increases, the aspect ratio
of the length to the diameter gradually increases in the range from ~10 to over 10°.

2.2 Supramolecular Coassembly

For the assembly of Cgg, another alternative is the template-directed assembly. As
an early example, Zhu et al. reported the synthesis of Cgy nanotubes with uniform
orientation from toluene solution of Cgo by using porous alumina template
[31]. Surfactants [32] and polymer matrix [33, 34] can also assist Cg to assemble
into nano/microcrystals with various morphologies. The matrix-assisted assembly
mechanism of Cg crystalline materials was suggested to be based on a concentra-
tion profile controlled growth. For example, during the process of the porphyrin
polymer-assisted Cgy assembly, sphere formation is initiated by nanoparticle
growth followed by assembly of micrometer-sized disks (Fig. 1) [33]. A principle
of “biomineralization” was supposed to be the formation mechanism, where the
porphyrin unit in the polymer plays multiple roles in preorganizing and assisting the
self-assembly of Cg( into micrometer-sized fcc crystalline spheres.

Molecules possess hydrophobic property; n-conjugated structure and electron-
donating feature have the possibility to provide host cavities for the encapsulation
of Cgp molecules [35-38]. The multi-encapsulation of Cgq in the host environments
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Fig.1 (a) Chemical structure of the porphyrin polymer used for the assembly; (b) SEM image of
Cgo microspheres of nanoplates formed by slow evaporation of a toluene solution of Cgy and
porphyrin polymer [33]. The SEM image was provided by courtesy of Dr. M. Takeuchi and
Dr. X. Zhang, NIMS

was expected to maintain the original morphologies of the host architectures with
possible enhancement of electronic properties. Martin et al. reported that large
n-extended tetrathiafulvalene (ex-TTF, Scheme la)-based dendrimers hosting a
number of Cgy, molecules form segregated arrays of donor and acceptor units
which could benefit for the preparation of optoelectronic devices [35]. The hydro-
phobic environment inside polymers or assembled organic objects can also act as
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Scheme 1 Chemical structures of (a) ex-TTF and (b) NN4A

good host environment for the encapsulation of Cgy molecules. For instance,
optically active stereocomplexes syndiotactic-poly(methyl methacrylate) (sz-
PMMA) can encapsulate Cgy molecules to mimic to some extent the behavior of
carbon nanotubes [36]. The s--PMMA folded into a preferred-handed helical
conformation for the encapsulation of Cg, forming an optically active supramolec-
ular peapod-like complex gel. The Cgp-encapsulated sr-PMMA is easy to prepare,
inexpensive, and processable. Interestingly, the preferred-handed helical sz-
PMMA/Cgq could serve as a template to further encapsulate the complementary
isotactic-PMMA (it-PMMA) through replacement of the encapsulated Cgo
molecules, forming optically active PMMA stereocomplexes [37]. Another example
for the template-directed fabrication of Cgy assembly is using the assembled
network formed from small molecules [39, 40]. By forming hydrogen bonding, a
tetraacidic azobenzene molecule NN4A (Scheme 1b) forms a 2D network when
deposited onto a graphite surface [39]. STM analysis indicated that there are two
different types of cavities with different sizes. Larger one is composed of six
benzene rings which contain two types of cavities, while smaller one is from
three NN4A molecules in a triangular shape. The network can serve as an organic
template for the accommodation of Cgg. The attractive photosensitive properties of
azobenzene group in NN4A can be utilized as photoswitching units to control the
structure and function of the resulted supramolecular system.

3 Exotic Assemblies of Uncommon Hydrophobic Cg
Amphiphiles

3.1 Morphology Control

In order to prevent Cg( aggregation, lots of efforts have been devoted to the chemical
modification of Cgp to be amphiphilic molecules for their self-organization
on surfaces and in solution. Various amphiphilic (hydrophobic—hydrophilic)
Ceo derivatives, such as poly(ethylene oxide) (PEO) [41], acetylcarnitine [42], and



Exotic Self-Organized Fullerene Materials Based on Uncommon Hydrophobic. . . 7

Scheme 2 Chemical
structures of alkyl-
conjugated Cg derivatives
1-6
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polar dendrimer [43] modified Cgy, have been reported to self-assembled into
micelles, vesicles, and rods in water. In contrast to these conventional amphiphilic
assemblies, the amphiphilicity in organic solvents by combining n—n (Cgp) and van
der Waals (alkyl chain) interactions is expected to have the ability to control the
polymorphic Cgo assemblies for various applications such as surface engineer and
optoelectronics. We have proposed a series of N-methyl fulleropyrrolidines carrying
a phenyl substituent with multiple alkyloxy chains (Scheme 2). The alkylated Cgg
derivatives form a highly ordered mesophase and dimensionally controlled
architectures by tuning the alkyl chain volume and varying the nature of solvent
systems [44, 45].

Fine-tuning of interfacial and intermolecular interactions can result in well-
defined and ordered molecular architectures, which are important for material
properties and the development of molecular devices [46, 47]. The
two-dimensional (2D) arrangement of Cgo and its derivatives on surfaces is well
established via covalent linking or supramolecular recognition [48-52]. However,
the one-dimensional (1D) assembly of Cg is far less investigated [51, 53-55]. As
we know, molecules that bear long alkyl chains can form perfectly aligned lamellar
structures on highly oriented pyrolytic graphite (HOPG) [56-61]. We therefore
modified Cgy with three hexadecyloxy (1) or eicosyloxy (2) chains in the 3,4,5-
position at the phenyl substituent, which induced epitaxial assembly of the Cgq
derivatives on HOPG upon spin coating from chloroform solution [62, 63]. Lamel-
lar domain structures and 1D Cg( alignment were revealed by atomic force micros-
copy (AFM) and scanning tunneling microscopy (STM) (Fig. 2a, b). The lamellar
space for Cg derivatives 1 and 2 is twice the molecular length, indicating that
molecules are adsorbed in a head-to-head bilayer structure motif with zigzag-type
Ceo arrangement (Fig. 2c).

Except the supramolecular alignment on solid surface, the alkyl-conjugated Cgq
showed unique ability for exotic supramolecular polymorphism relying on weak van
der Waals forces of alkyl chains and n—r interactions of Cg moieties. With a very
simple preparation, various well-defined self-organized superstructures formed by
1 in solvents including 2-propanol/toluene mixtures, 1-propanol, H,O/THF mixture,
1,4-dioxane, and 2-(R)- or (S)-butanol (Fig. 3) [64-67]. Self-assembled objects were
prepared by evaporation of 1 mL chloroform solution of 1 ([1] = 1.0 mM) followed
by addition of 1 mL respective solvents [65]. Subsequently, heating at 60—70°C for
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Fig.2 (a) AFM image of 1 on HOPG spin coated from CHCI3 solution; (b) high-resolution STM
image of 1 on HOPG; (¢) schematic illustration showing the molecular organization of 1 in the
lamellae. Reprint with permission from [62]

Fig. 3 SEM images of 1 formed from (a) 1:1 2-propanol/toluene mixture, (b) 1-propanol, (c) 1:1
THF/H,0 mixture, (d) 1,4-dioxane solution, (e) 2-(R)-butanol, and (f) 2-(S)-butanol. Reprint with
permission from [65] and [66]

2 h resulted in light brown mixtures. Vesicles with an average diameter of 250 nm
were formed in the solvent of 1:1 2-propanol/toluene (Fig. 3a). High-resolution
transmission electron microscopy (HRTEM) analysis reveals an empty core with
8-9 nm wall thickness. In 1-propanol, partially twisted tapes with length over than
20 pm were observed (Fig. 3b). Conical objects, shell thickness of around 150 nm,
were developed from an equimolar mixture of H,O/THF (Fig. 3c). A flower-shaped
supramolecular assembly was observed by heating 1 in 1,4-dioxane at 60°C for 2 h
and then cooled at 20°C for 24 h and 5°C for half a day (Fig. 3d) [66]. By using chiral
solvents such as 2-(R)-butanol and 2-(S)-butanol, chirality was introduced into the
assemblies, where left- and right-handed microstructures formed, respectively
(Fig. 4e, 1) [66].
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Fig.4 (a,b) SEM images of 3 prepared from 1,4-dioxane at 20°C; (c¢) an HR-cryo-TEM image of
the edge of (b); SEM images of 4 prepared from 1,4-dioxane at 20°C (d) and at 5°C (e); (f) the
Fourier filtered image of an ED pattern of (d). Reprint with permission from [68]

Slight differences of the aliphatic chain length and number of the derivatives
greatly influence the morphologies of their supramolecular assemblies. A globular
particle of bis-alkylated derivative (3) from 1,4-dioxane solution was observed
[68]. By cooling to around 20°C after solubilization, the molecules assembled into
large particles with a diameter of a few tens of micrometers, which are composed
of many plate structures with a thickness of around 100 nm (Fig. 4a, b).
High-resolution cryogenic transmission electron microscopy (HR-cryo-TEM) on
the edge of these plate structures revealed multilayer nanostructure composed of
lamellar units with interdigitated alkyl chains (Fig. 4c). Further reducing the chain
number but keeping the same chain length led to the formation of large sheet
structures (Fig. 4d) and hierarchical organizations (Fig. 4e) of the mono-alkylated
derivative 4 in 1,4-dioxane at 20°C and 5°C, respectively. Different with above
lamellar assemblies in multialkylated Cg, derivatives 1-3, the Cgy is in crystalline
state with a 2D oblique lattice (Fig. 4f) while alkyl chains are in a noncrystalline
state. Therefore, the assemblies of 4 have disordered alkyl tails in the lamellar
arrangement at room temperature, which is ascribed to the significant mismatch of
the cross section width between the Cgy moiety and the single alkyl tail.

Similar with the alkylated-Cg, the fulleropyrrolidines without alkyl chains
(Fig. 5a) also featured interesting assembly. As shown in Fig. 5b, fulleropyrrolidine
attached with a small pyridine group (7) formed flowerlike supramolecular
architectures in micrometer size by a drop-casting method [69]. The X-ray
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Fig. 5 (a) Chemical structures of fulleropyrrolidine derivatives 7-10; (b) SEM and (c¢) HR-cryo-
TEM images of 7 formed by a drop-casting method. Reprint with permission from [69]

diffraction (XRD), small-angle X-ray scattering (SXAS), and HR-cryo-TEM
(Fig. 5¢) revealed a bilayer subunit in the flowerlike assemblies, with face-to-face
conformation of the substituent of C¢y and an interdigitation of the bare Cg side.
The morphology can be facilely tuned from flowerlike shape (7) to sphere of plates
(8) and rod (9 and 10) by adjusting the pyridine’s nitrogen position (Fig. 5a).
UV-vis spectra indicated the charge transfer interaction between electron donor
pyridine and electron acceptor Cgp, which might contribute to the flowerlike
organization with nanometer-scale lamellar conformation. Moreover, the flower-
like assemblies show photoinduced carrier-transporting properties comparable with
pristine Cgg. The resulted assemblies with high Cgo content (84 %) and photocon-
ductive feature may provide a useful molecular design concept for further
optoelectronic applications [70].

3.2 Morphology-Related Functions

Similar with lotus leaf in nature, the materials surface with low surface energy and a
rough fractal interfacial morphology may display superhydrophobicity [2, 71,
72]. Such surface exhibits a water contact angle above 150°, with air trapped within
the rough surface. The well-defined supramolecular object of alkylated-Cg( exhibits
great potential to be the superhydrophobic materials.

An alkylated Cgq derivative (2) in 1,4-dioxane by heating and then cooling to
around 20°C, assembled into microparticles with wrinkled, nanoflaked structures at
the outer surface (Fig. 6a) [73]. As imaged by HR-cryo-TEM at 4 K, the edges of the
flakes are multilayer nanostructures comprised of lamellar bilayer assemblies
(Fig. 6b). Fast Fourier transform (FFT) analysis shows a lamellar region with a
periodicity value of 4.4 nm, corresponding to the length of a bilayer of interdigitated
eicosyloxy chains. The assembled objects have high potential to be useful supramo-
lecular materials because of their high quantitative yields from the molecule and their
ease of fabrication onto a substrate. Thin films of these globular objects have a lotus
leaflike fractal surface morphology, possessing two-tier roughness on nano/microm-
eter length scales. The hydrophobic feature and the two-tier roughness resulted in an
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Fig. 6 SEM images of 2 from (a) 1,4-dioxane, (c) n-decane, (d) n-dodecane, and (e) 5 from
diethoxyethane. The insets show water droplets with static water contact angles: (a) 152°, (¢) 163°,
(d) 164°, and (e) 148°, respectively; (b) HR-cryo-TEM image of a flake edge of (a). Reprint with
permission from [68] and [73]

improved water-repellent ability. Thus, a superhydrophobic surface with a water
contact angle of 152° was achieved from the thin film of the global objects, while a
simple spin-coated film exhibits a water contact angle of only 103°.

It is interesting to explore whether Cg or the alkyl chain part in self-assembled
particles is exposed at the outer surface in the superhydrophobic films. Therefore,
nonpolar solvents such as n-decane (n-C;oH,;) or n-dodecane (n-Ci,H,s) were
chosen for the assembly of Cg derivative 2 [68]. In both solvents, microparticles
in 5-10 pm in diameter with nanoflaked outer surfaces were obtained as precipitates
which showed water contact angles of 163° and 164°, respectively (Fig. 6¢, d). The
higher contact angle values for the assemblies from nonpolar solvents could be
attributed to the presence of more hydrophobic hydrocarbon tails compared to the
moderately hydrophobic Cg, on the outer surface of the objects [45, 74, 75]. There-
fore, it is speculated that the Cgo part is exposed to the outer surface in polar
solvents such as 1,4-dioxane, while hydrocarbon tails exposed to the outer surface
in nonpolar solvents.

The replacement of the hydrocarbon chains with more hydrophobic fluorinated
tails with low surface free energy gives more evidence for the above speculation.
The self-assembly of the C¢q derivative (5) with three semiperfluoroalkyl chains in
diethoxyethane resulted in the formation of several micrometer (2-5 pm) sized
particles with nanoflaked outer morphology (Fig. 6e) and lamellar arrangement at
the molecular level [68]. The assembled structures exhibited a water contact angle
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a
NIR Laser

Matrix: Cg, Assembly

Fig. 7 (a) Schematic illustration of 1I-SWNT assembly; (b) SEM image of 1-SWNT assembly.
Inset shows the optical image of an assembly illuminated by an NIR laser (90 mW); (¢) AFM
image of the same 1-SWNT assembly as in the inset to (b); (d) SEM image of zoomed-in area of
(b) selectively illuminated by an NIR laser (50 mW) and (e) the enlarged area of (d). Reprint with
permission from [80]

of 148°, which is comparable to that of assemblies formed by the hydrocarbon
derivative (2) in 1,4-dioxane. Moreover, the assembly does not have an oil-repellent
performance. These results indicate that similar to the hydrocarbon derivatives, in
assemblies obtained from polar solvents, the Cgy moieties are exposed to the outer
surface of the nanoflake-structured microparticles, contributing to the water-
repellent surface features.

3.3 Supramolecular Composites

Except the water-repellent features, the assembly of Cg( derivatives also provides a
model for some photophysics studies. Single-wall carbon nanotubes (SWNT) can
absorb near-infrared (NIR) light, rapidly transferring electronic excitations into
molecular vibration energies which induce heat [76, 77]. This photothermal phe-
nomenon has great potential for a wide range of applications such as drug delivery
systems and cancer therapies [78, 79]. In practical applications, a proper tempera-
ture range is required for each case. The temperature change generated by laser-
induced heating of SWNT is generally considered to be on the order of several tens
of degrees centigrade, but it has not been clear whether it can reach even higher
temperatures. In this context, the microparticles or microplates containing Cgq
derivatives (1-3) and SWNT have been developed as a temperature indicator
[80]. In these microparticles or microplates, SWNT is used as a light antenna and
Cgo derivatives as a matrix (Fig. 7a). The concept is based upon the notion that
temperature rise can be confirmed via the melt-induced morphological change of
“nanocarbons” assembly.
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The microparticles of Cgy derivative 2 and SWNT (Fig. 7a) prepared from
1,4-dioxane have the similar morphology with those of only 2 (Fig. 7a) [73]. HR-
cryo-TEM, FTIR, and XRD studies confirmed that the assembled molecular
structures are also similar to those of 2 from 1,4-dioxane. Upon NIR laser illumina-
tion at 50 mW, the flake-shaped surfaces of 2-SWNT assemblies started to “deform”
(Fig. 7d, e). When increasing the laser power to 90 mW, the microparticles were
destroyed immediately (Fig. 7b, ¢). In contrast, the microparticles that only composed
of 2 did not response to the laser illumination. It indicates that the heating due to the
photothermal conversion of SWNT reaches the melting point of 2 (around 190°C,
revealed by differential scanning calorimetry (DSC)).

The investigation with coassemblies comprising SWNT and other Cgq
derivatives (1 and 3), possessing higher melting points, indicated that the NIR
irradiation of a fullerene—SWNT assembly can reach a local temperature in excess
of around 220°C. The deformation of the micrometer-scale fullerene—SWNT
assembly can easily be visualized by optical microscopy, thus providing great
convenience in monitoring temperature in situ during photothermal conversion.
Moreover, the assembly melting point can be tuned to a desired range by selecting
an appropriate Cg( derivative alkyl chain length or number of alkyl chains (1-3).
Thus, fullerene—-SWNT assembly provides an unambiguous way to confirm the
temperature rise upon NIR light irradiation.

4 Soft to Hard: Plasticization and Metallization

In spite of various interesting and fascinating organizations and functions, the
fragileness of supramolecular objects, due to weak noncovalent interactions within
assemblies, limits their potential applications. Therefore, in general, it is crucial to
seek a solution for such issue in organic self-organized materials. As a result, photo-
cross-linking was proposed as one of the effective approaches to improve the stability
of the assemblies without changing the assembled nanostructure, surface morphol-
ogy, and properties [81]. The molecular design is based on an alkyl-conjugated Cgg
with diacetylene functional groups in long alkyl chains (6). The self-assembly of the
Ceo derivative from THF—-methanol mixture exhibited flake-shaped microparticles in
1 pm size with a bilayer subunit structure. Applying UV light led to the polymeriza-
tion of diacetylene and Cgy moieties, but maintained the assembly morphology
(Fig. 8). Remarkably, the cross-linked flake-shaped microparticles exhibited a signif-
icantly enhanced chemical and mechanical robustness against acidic, basic aqueous
media or polar, good organic solvents for the monomer, as well as heat (up to 200°C).
Moreover, the stiffness was enhanced about 25-fold as confirmed by AFM force
spectroscopy. The water contact angle measurement shows that the film of flaked
microparticles exhibited water-repellent property with a value around 146° [81]. The
highly durable surface of cross-linked flake-shaped microparticles satisfies some of
the requirements for water-repellent materials, such as substrate-independent produc-
tion, high durability, and enhanced mechanical stiffness, which is promising for
coating technologies in micro- or nano-electromechanical systems.
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Fig. 8 (a) Scheme of the photo-cross-linking process in the bilayer structural subunit of 6; (b) SEM
image of 6 prepared from THF/MeOH solution. The inset shows an enlarged particle image and a
water droplet with static water contact angle around 146°. Reprint with permission from [81]
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Scheme 3 Schematic representation of the key steps for the synthesis of Au nanoflake surfaces by
using supramolecular architectures of fullerene derivative 2 as templates. Reprint with permission
from [83]

Another alternative to transform the supramolecular soft mater into hard mater is
metallization. Supramolecular architectures with structural diversity offer a generic
path towards a broad range of high-definition templates for the design and synthesis
of functional metallic nanostructures. Cgy-based microparticles with 3D nanoflake
outer surface structure of 2 were used as template to transform into various metals
(Scheme 3). By sputtering desired metal (e.g., Au, Pt, Ti, Ni, Ag) onto the film of
supramolecular objects, the metallic nanoflaked surface was obtained by subse-
quently removing the template [82, 83]. The whole process is sustainable since
the template can be recovered by dissolving in good solvents such as CHCl;. The
resulting nanoflaked Au surface exhibits enhanced plasmonic effect, where the
enhancement factor was on an order of 10> for surface-enhanced Raman scattering
(SERS). Moreover, the wettability of the resulting metal nano/macrometric surface
is tunable from superhydrophilic to superhydrophobic by modifying molecules with
different surface free energy [83].
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Fig. 9 (a) Polarizing optical micrographic texture of mesophase of 2 at 190°C; (b) three-box
electronic density profile and (c) comparison between the corresponding model and the experimental
X-ray diffraction pattern of 2 in the mesophase. Reprint with permission from [90] and [91]

5 Exotic Fluid Materials

5.1 Liquid Crystalline Assemblies

Liquid crystal (LC) is a state of matter that has properties between those of a
conventional liquid and a solid crystal within a proper temperature range. Cg is
one kind of promising electron transport materials as an n-type semiconductor [84,
85]. Recently, Cgg-based LCs have been found applications in various areas such as
photovoltaics because of the self-organization at molecular level in a predetermined
and controllable fashion [86—89].

To achieve high carrier mobility is one of the basic requirements in LCs and is of
fundamental importance in optoelectronic device applications, where the main
factors may include close molecular packing, highly ordered structures, and extended
© conjugation. The recent work from our group revealed that the alkyl-conjugated Ceq
derivatives (1-3) with high C¢, content (up to 50 %) satisfy the requirements for high
carrier mobility in the highly ordered mesophase [90]. Polarized optical microscopic
(POM) studies of 2 show fluid and birefringent optical texture in the wide tempera-
ture range between 62°C and 193°C (Fig. 9a). The XRD pattern at 185°C shows a
large number of diffraction peaks assigned from (0 O 1) up to (0 O 14). In order to
explain the change of the relative intensity of the Bragg peaks in the XRD pattern,
simple boxlike electronic density profile models were proposed [91]. The molecules
arrange themselves in an unusually long-range ordered lamellar mesophase, where
their long axis oriented and on average perpendicular to the plane of the layers and
Cgo moieties in a head-to-head configuration (Fig. 9b, c¢). The mesomorphic Cgg
derivative of 2 exhibits reversible redox activity as cast films on a glassy carbon
electrode above the solid/mesomorphic phase transition temperatures, e.g., at 70°C.
The electron mobility of 2 was found to be ~3 x 10~ cm®* V' s~! from a time-of-
flight (ToF) measurement, indicating that dense-packed Cg, molecules carried
charges. This mobility value is comparable to those of smectic liquid crystalline
phase of organic semiconductor oligomers and columnar LCs [92, 93]. The simple
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11: R, =Ry = Rg = OC12Hzs
12: R2 = R4 = Rs - OC15H33
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Fig. 10 (a) Chemical structures of liquid Cgy derivatives 11-13; (b) photos of liquid Cgg
derivatives 11-13. Reprint with permission from [94]

modification of Cg by long alkyl chains permits a high Cg( content in the mesomor-
phic materials, resulting in so far the largest electron mobility value for Cgo-
containing liquid crystals.

5.2 Room Temperature Liquid Fullerenes

Adjusting the position of the alkyl chains on the alkylated Cg( can influence the
intermolecular interaction between Cg derivatives and the resulting properties. For
example, the fulleropyrrolidines substituted with a 2,4,6-tris(alkyloxy)phenyl
group (11, 12, 13) were fluids at room temperature (Fig. 10) [94]. By such a
substitution, alkyl chains can spread independently to prevent the aggregation of
the Cqo moieties. By a systematic investigation of the fluid behavior of liquid
fullerenes and their functions, it is found that the viscosity of the liquids can be
controlled by changing the length of the introduced alkyl chain. Interestingly, the
greater alkyl chain length reduces efficiently the viscosity, which is completely an
opposite trend of a phenomenon of viscosity in normal alkane molecules. The
rheology studies show that the viscosity decreases with the increase of the alkyl
chain length (~1.2 x 10°, 1.3 x 10% and 1.1 x 10® Pa-s for 11, 12, and 13,
respectively). The reason might be that the longer alkyl chains more effectively
disturb the n—= interaction in neighboring Cg, molecules, increasing the fluidity. In
addition, the redox properties of Cgo and their relatively high hole mobility (e.g.,
3 x 1072 cm? V7! s7! for 13) make them attractive as exotic fluid nanocarbon
materials for future electronic applications.

6 Conclusion

The novel concept of “amphiphilicity” for the design of Cgo derivatives, by
combining n—x interaction from Cgo moieties and van der Waals interaction from
long alkyl chains, allows the fabrication of various long-range ordered
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superstructures. Even though both Cgg and long alkyl chains are hydrophobic, Cg is
relatively less hydrophobic than alkyl chains [45], which featured the alkylated Cgq
amphiphilicity. These alkyl-conjugated Cg derivatives exhibited supramolecular
polymorphism upon slightly varying the assembly environment or molecular design
(the number or length of the alkyl chains or the type of the alkyl chains on the
phenyl group of the Cgq derivative). Based on the unique properties and
morphologies, various exotic organic soft materials such as superhydrophobic
surfaces, photoconductive liquid crystals, room temperature liquids, and tempera-
ture indicators for CNT local heating were constructed. The methodology described
here could be adopt for the development of other organic materials with controlled
dimensionality and desired functions. In fact, some fullerene derivatives [95, 96],
emissive extended m-conjugated molecules [97, 98], and others [99, 100] have
followed similar alkylation strategy onto =n-conjugated functional units and
contributed great progress in the applications of supramorphological exotic organic
materials.
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Ceso Fullerene Amphiphiles as
Supramolecular Building Blocks
for Organized and Well-Defined
Nanoscale Objects

Yuming Zhao and Guang Chen

Abstract Fullerene-based nanomaterials have attracted extensive interest owing to
their wide-ranging applications in materials science, nanotechnology, and biomed-
ical research. This chapter gives an updated review of the recent advance in the
design and characterization of fullerene derivatives as supramolecular building
blocks for ordered and well-defined nanostructures and objects. The discussions
are specially concentrated on the structural and morphological properties of discrete
nano-aggregates by various amphiphilic fullerene derivatives formed in solution
or at interfaces. Rationalization of the aggregation structure and morphology is
attempted on the basis of amphiphilic molecular packing theories so as to shed
light on the interplay between molecular factors (e.g., shape, polarity, non-covalent
forces, and amphiphilicity) and self-assembly outcomes. Overall, this literature
survey is aimed at mapping out applicable “bottom-up” strategies to control and
preprogram the nanoscopic ordering of fullerene-based nanomaterials.
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1 Introduction

Fullerenes constitute a fascinating class of molecular building blocks for the
synthesis and fabrication of advanced nanoscale materials and devices [1-3]. In
particular, Cgo buckminsterfullerene has found a wide range of applications in
various fields of modern nano-science and technology, owing to its extremely
small size (0.498 nm in radius), highly symmetrical (/;,) molecular shape, and
very rich electronic properties in both the ground and excited states [4]. Prominent
examples of utilizing fullerene-based materials in cutting-edge research and
applications include plastic solar cells, artificial photosynthetic mimicking, photo-
dynamic therapy, gene delivery, molecular electronics, and nanomachinery, to
name a few.

Over the past two decades, the covalent chemistry of Cgy has evolved enor-
mously, empowering synthetic chemists nowadays to flexibly modify the Cgg
structure with a vast array of molecular attachments ranging from organic and
inorganic functional groups to macromolecular (e.g., polymers and dendrimers)
moieties [5, 6]. In the current literature of fullerene chemistry, the synthesis of new
fullerene derivatives is still a continuous and mainstream undertaking [7]. Beyond
the molecular level, the supramolecular chemistry of Cgq has also captured consid-
erable attention due to the preponderance of such knowledge in material, biological,
and medicinal applications [8—11]. For instance, the microscopic phase segregation
of Cgo acceptor domains in the active layer of bulk heterojunction (BHJ) organic
solar cells has been known to exert a key influence on the efficiency of solar energy
conversion [12—18]. Water-soluble fullerene derivatives bearing cationic side
chains aggregate to form supramolecular self-assemblies with DNA which effec-
tively promote gene transfection in mammalian cells [19, 20]. Nano-aggregates of
pristine Cg (nCg) have found to exert a negative (cytotoxic) effect on cell viability
and antibacterial activity [21-23] while some water-soluble C¢ derivatives on the
contrary show greatly reduced cytotoxicity or non-cytotoxicity [24].

This chapter summarizes the recent studies of well-defined Cgo nanostructures
and objects resulting from supramolecular self-assembly in solution or at interfaces.
It should be noted that by no means the review herein is intended to be comprehen-
sive and thorough due to the vastness of pertinent literature. Rather, the discussions
will be specifically focused on experimentally observed supramolecular aggrega-
tion behaviors of various Cg derivatives and relevant theoretical rationalizations.
Collectively, this literature survey provides an updated overview to facilitate
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the fundamental understanding of sophisticated supramolecular self-assemblies of
Cego-containing molecules and to guide further exploration in the preparation of
controllable and preprogrammable Cgo-based nanomaterials and nano-devices.

2  Molecular Packing of Amphiphiles

Structurally buckminsterfullerene (Cgp) is made up of sixty sp> hybridized carbons
in a rigid spherical (soccer ball) shape [5]. The extensive n-electron delocalization
over the Cgy cage renders it chemical reactivities resembling electron-deficient
arenes or alkenes [6]. In terms of physical characteristics, Cgp has a very large
cohesive force and is prone to aggregate significantly in solutions or at interfaces
through non-covalent interactions such as n-stacking and van der Waals attraction
[25]. As such, the Cgp cage is strongly hydrophobic and virtually immiscible in
water (2 x 107>* mol/L) and many polar organic solvents (e.g., 1 x 107®mol/L in
acetone) [25, 26]. By some special means (e.g., solvent exchange, sonication,
extended mixing, or some combination of these techniques) Cg( can be effectively
suspended in water forming stable colloids (nCgp), as the clustering of Cgo
minimizes the thermodynamically disfavored Cgo-solvent contact [27, 28]. A quan-
titative understanding of the aggregation behavior and deposition kinetics of
Ceo particles in aqueous media was recently established by Chen and Elimelech
[29]. On the other hand, the solubility of Cgo in water or common organic solvents
can be dramatically improved when it is functionalized with soluble organic
moieties.

Generally speaking, for synthetic fullerene derivatives with well-defined molec-
ular structures, the molecular attachments show better solubility in common
solvents than the Cg core as a result of the practical requirements for synthesis,
purification, and characterization. As such, many Cg, derivatives in the literature
can be viewed as amphiphiles in which the Cg, cage is solvophobic, whereas the
pendant organic group(s) is solvophilic in nature. The aggregation behavior of such
kind of Cgy derivatives is therefore, to a large extent, regulated by the rules of
amphiphilic molecular packing. Mother Nature often uses amphiphilic molecules or
macromolecules as the building blocks to construct complex superstructures with
various shapes and functionality, such as bones, tissues, and cell membranes. The
self-organization of natural materials that eventually make life possible is actually
dictated by the “codes” inherent in each individual building components, such as
molecular shape, covalent bonding structure, and various non-covalent interactions
effected by different functional groups the molecule bears. Inspired by Mother
Nature, a large variety of supramolecular structures with unique properties and
functionality have been designed and synthesized by chemists using synthetic
compounds mimicking those amphiphiles observed in the natural world
[30-32]. Indeed, understanding of supramolecular self-assembling behavior and
mechanisms has become the centerpiece of current nano-science and technology.
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Table 1 Relationship between amphiphile shape and predicted aggregate morphology

Shape of amphiphile Packing parameter (P) Aggregate morphology
Cone <1/3 Spherical micelles
Truncated cone 1/3-1/2 Wormlike micelles
Cylinder 1/2-1 Bilayer vesicles
Inverted cone >1 Inverted micelles

A major driving force for the self-assembly of amphiphilic molecules in the
solution phase is the solvophobic effect [33]. For instance, it has been long
discovered that natural or synthetic surfactants at the so-called critical aggregation
concentration in water tend to organize themselves into regular micelles driven
by the hydrophobic effect. Depending on the nature of the amphiphiles and
experimental conditions, the aggregation morphologies vary substantially from
simple spheres and tubes to complex helices, twisted ribbons, braids, and so
on. Investigations on these self-assembled structures hence paved a rational way
for the design and synthesis of functional materials and devices with precise control
and regulation on the nanometer scale. To this end, however, development of
theoretical models with strong predictive power in terms of the shape-structure
relationship for amphiphile packing is highly valued. The past few decades have
witnessed an evolution of theoretical methods accounting for amphiphilic molecu-
lar packing outcomes. Based on the principles of statistical thermodynamics,
Israelachvili et al. devised a “critical packing parameter” (CPC) approach to predict
the aggregate morphologies resulting from amphiphilic surfactant packing at
equilibrium. In this model, the packing parameter (P) is defined as:

P=V/(Ixa) (1)

where V is the volume of molecule, / is the length of molecule, and a is the mean
cross-sectional surface of head group. Table 1 gives the correlation between the
shape of amphiphile monomer and the predicted aggregate morphology according
to the Israelachvili model.

Simple and straightforward as it is, the Israelachvili’s method offers both
qualitative insights and prediction in agreement with a wide range of experimental
results, giving a long-lasting impact in the amphiphilic packing literature. Never-
theless, this packing rule still has limitations to be addressed. Tsonchev et al.
in 2003 came out with an approach of geometric packing analysis in which
amphiphiles when treated as “hard” cones or truncated cones are predicted to
always favor packing into spherical micelles because of the higher packing fraction
[34]. The Tsonchev’s model cast a new light on amphiphilic molecular packing and
is in contrast to the commonly held belief that truncated cones will form cylindrical
micelles. Most recently, more computationally expensive methods utilizing molec-
ular dynamics (MD) simulation have been exploited by several groups in order
to satisfactorily rationalize the clustering of amphiphiles in small numbers as well
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as to reveal atomistical details driven by directional interactions other than
hydrophobicity, such as electrostatic interactions [35—37], and hydrogen bonding [38].

Although it is reasonable to state that material chemists have now been ade-
quately armed with theoretical guides for preparation of defined and well-organized
nanosystems through controllable amphiphilic molecular packing, the exploration
and rationalization of fullerene-based amphiphiles within this context is still kind of
lagging behind other types of amphiphiles. Previously, there have been several
review articles dedicated to related topics [30, 39]. However, the detailed interplay
between molecular factors (structure, shape, and non-covalent forces) and supra-
molecular aggregation properties appeared to be random and evasive from being
unequivocally debunked, mainly due to the limited capability of experimental
measurements. In the past few years, a significant progress in the synthesis of
new amphiphilic Cgy derivatives and study of their self-assembling behavior
has been made, broadening the literature database for a revisit of this topic. It is
therefore our intention that the present review would serve an updated roadmap for
the current pursuit of “bottom-up” controlled supramolecular synthesis of fullerene-
based nanomaterials.

3 Nano-Aggregates Assembled by Cg, Amphiphiles
Bearing Chain-Like Polar Appendages

To prepare Cgp-based amphiphiles, a straightforward approach is to tether a highly
polar and water-soluble (hydrophilic) group such as ammonium to the Cg( cage via
a molecular chain (e.g., alkyl, oligoethylene glycol). In 1999, Tour and coworkers
investigated the supramolecular assembling properties of a Cgy-N,N-dimethylpyr-
rolidinium iodide (1, Fig. 1a) [40]. After adding benzene to a solution of 1 in
dimethyl sulfoxide (DMSO) and water, the mixture was agitated to yield a fluores-
cent and hair-like material in the organic (benzene) layer. The microscopic
structures of the aggregates of 1 obtained under these conditions were characterized
by transmission electron microscopy (TEM) to show an ordered rod-like morphol-
ogy with diameters of 14—-120 nm and lengths of over 70 pm (Fig. 1b). The
nanorods formation was found to be solvent and counterion dependent. On the
other hand, treatment of the aqueous solution of 1 with sonication followed by
filtration through a 0.45pM filter resulted in the formation of vesicles (Fig. lc).
TEM study showed that the vesicles had diameters of 1070 nm and wall thickness
of 3—6 nm. The simply modified Cgo-derivative 1 gave a facile way for preparation
and manipulation of Cgy nano-assemblies. In the molecular structure of 1, the
hydrophilic pyrrolidinium moiety closely positioned to the hydrophobic Cg, cage
only partially reduces the Cgo—Cqo aggregation. It is obvious that m-stacking
together with ionic interactions form the driving forces for the nanoscopic ordering.
In a simple approximation, the molecular shape of 1 can be treated as an ellipsoid.
According to the simple amphiphile packing rule, it is a case that favors packing
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Fig.1 (a) Structure of Cgo-N,N-dimethylpyrrolidinium iodide 1. (b) TEM image of nanorods of 1.
(c) TEM image of vesicular aggregates of 1 obtained after sonication and filtration. Adapted from
[40] with permission. Copyright Wiley

Fig. 2 (a) Structure of pyrrolidino-Cgo amphiphile 2. (b) Schematic drawing of molecular bilayer
structure of 2. (¢) TEM image for an aqueous solution of 2. (d) Schematic model for the disk-like
aggregates of 2. Adapted from [41] with permission. Copyright Wiley

into bilayer vesicles (0.5 < P < 1). Both of the observed morphologies, rods and
vesicles, are kind of in line with the packing rule. However, a conclusive rationali-
zation cannot be made in this case due to the lack of structural details in experi-
mental measurements. Moreover, the two different assembling outcomes arising
from different experimental conditions suggest that the aggregation of 1 is depen-
dent on both thermodynamic and kinetic factors.

Nakashima and coworkers in 2002 prepared a similar pyrrolidino-Ceo amphi-
phile 2 (Fig. 2a), in which a polar ammonium group was linked to C¢ cage via a
n-decylpyrrolidine chain [41]. Dispersed in an aqueous solution, Cgp-amphiphile
2 was found to aggregate into fibrous and disk-like microstructures as evidenced by
TEM imaging. X-ray diffraction analysis on the cast film of 2 revealed a d spacing
from the Bragg’s equation to be 4.33 and 4.46 nm before and after hot-water
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Fig. 3 (a) Structures of pyrrolidinofullerene amphiphiles 3-6. (b) TEM image of spherical
vesicles of 3. (c) TEM image of a bundle of nanorods of 4. (d) TEM image of a bundle of
nanorods of 5. Adapted from [42] with permission. Copyright PNAS

treatment. This result substantiated a hypothesis that the assembly was in a bilayer
structure as illustrated in Fig. 2b. Furthermore, dynamic light scattering (DLS)
study indicated that the particle size of the aggregates were in the range of
150-400 nm. A bilayer packing model (Fig. 2d) was proposed by the authors to
account for the disk-like aggregation morphology. It is worth noting that sonication
was also found to lead to molecular aggregates with smaller particle sizes
(150400 nm) in their experiments. Similar to Tour’s Cgp-amphiphile 1, the molec-
ular packing outcomes disclosed by Nakashima and coworkers present a case in
accordance with the general amphiphile packing theory; that is, the rod-shaped
amphiphile 2, which can be viewed as a “cylinder,” favors a bilayer packing
structure at equilibrium (see Table 1). Nevertheless, the experimentally observed
morphology showed a disk-like microstructure rather than vesicular assemblies is
beyond the predictive scope of simple amphiphilic packing rules.

A series of pyrrolidinofullerene amphiphiles 3—5 (Fig. 3a) was investigated by
Georgakilas and coworkers [42]. These amphiphiles are similar to the motif of 2 in
that their structures are composed of a hydrophobic Cgo head and a hydrophilic
quaternary ammonium tail. The tether groups connecting the two amphiphilic units
in 3—-5 were varied in both chain length and polarity (i.e., alkyl and oligoethylene
glycol) to allow the effects of molecular structure to be probed. After dispersion in
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7a X=Br
Tb X=BF;
Tc X = CFC00

" 8 -

Fig.4 (a) Structures of ammonium-attached pyrrolidinofullerenes 7a—c and a doubly charged Cgo
amphiphile 8. TEM images of nanorods of (b) 7a, (¢) 7b, and (d) 7c. (e) SEM image of 8 deposited
on silicon substrate by spin-coating. Adapted from [44] with permission. Copyright Elsevier

water followed by sonication treatment, the relatively short and less polar amphi-
phile 3 was found to self-assemble into spherical vesicles with a dimension of
0.5-1.2 pM (Fig. 3b) as revealed by TEM study. When the tethering chain length
was further elongated, however, a dramatic change in self-aggregation morphology
was observed. As shown in Fig. 3c, d, long polar amphiphiles 4 and 5 exhibited
a similar tendency to aggregate into long bundles of nanorods. Close inspection by
TEM revealed that these bundled nanorods were uniformly aligned in a parallel
manner. Computational modeling study suggested that a plausible molecular struc-
ture of the nanorods in which the hydrophobic Cgo heads stacked inwardly in a
fashion similar to Cgo—Cgp interactions occurring in the solid state. De Maria and
coworkers prepared pyrrolidone-fullerene amphiphile 6 containing a chiral L-acetyl
carnitine appendage (Fig. 3a) [43]. The molecule was found to form stable
aggregates in water, and static light scattering analysis indicated that the sizes of
the aggregated particles were in the range of 40-300 nm with an average size of
121 £ 44 nm. Due to the lack of microscopic investigation, the detailed structure
and morphological properties of these nano-aggregates are still unclear, leaving the
self-assembling behavior of chiral chain-like Cgo amphiphiles an attractive topic
awaiting further exploration.

In a general sense, the supramolecular assembling properties of chain-like Cgq
amphiphiles with ionic appendages are dictated by two major non-covalent forces,
Ce0—Ceo m-stacking (attracting) and ionic interaction (repelling), while the exact
morphological consequences appear to be primarily controlled by the delicate
balance of these two interactions. Nevertheless, there are also other molecular
and experimental factors that should not be overlooked. Prato and coworkers in
2006 demonstrated that the counterion plays a significant role in the self-
organization of ammonium-attached pyrrolidinofullerenes 7 (Fig. 4) [44]. From
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Fig. 5 (a) Structure of Cgq bolaphile 9. (b) TEM image of dispersed vesicles of 9. Adapted from
[46] with permission. Copyright ACS

TEM imaging (Fig. 2b, c), C¢ amphiphiles associated with bromide (Br~) and
tetrafluoroborate (BF, ) anions were found, after sonication in water, to aggregate
into ordered nanorods with lengths of hundreds of nanometers (80-500 nm for 7a
and 100900 nm for 7b) and widths of tens of nanometers (20-90 nm for 7a and
50-70 nm for 7b). Close-up examination of these nanorods revealed tube-like
microstructures. When the counterion was switched to trifluoroacetate (CF;COO™),
however, the resulting nano-agglomerates showed amorphous characteristics,
clearly manifesting a prominent counterion effect. Scanning electron microscopic
(SEM) and atomic force microscopic (AFM) characterizations were also performed
on these Cgq, aggregates, the results of which gave morphological properties in
agreement with the TEM study. Moreover, a doubly charged C¢y amphiphile 8 was
investigated, and it was found that the aggregates of 8 were structurally similar to
those of 7a, suggesting that the pyrrodinium moiety had little influence on the
aggregation process. It should be noted that similar observation was also reported
in the study of analogous amphiphiles (4 and 5) by Georgakilas [42].

Bola-amphiphiles or bolaphiles are molecules featuring a hydrophobic skeleton
and two hydrophilic ends and have found appealing interfacial self-assembly
properties mimicking the membranes of many organisms [45]. Sano and coworker
reported a Cg, bolaphile 9 in 2000 (Fig. 5) [46]. With two water-soluble ammonium
groups at the ends, this bolaphile self-assembled into spherical vesicles with
diameters of 20-50 nm after sonication in water. Given the length of the molecule
(ca. 3.2-3.5 nm) calculated by molecular modeling, the microstructure of these
vesicles was proposed to be made of bilayers in which Cg( cores were packed in a
head-to-head orientation. Such a bilayered vesicular assembling architecture is
clearly in line with the general amphiphilic packing rules (Table 1) if one simply
treats the molecular shape of Cg( bolaphile 9 as a “cylinder.”

Self-organization of chain-like Cg, amphiphiles can be enhanced by introducing
planar extended m-systems as ordering elements. For example, Cgo amphiphile 10
grafted with a porphyrin moiety was found to aggregate into uniform nanotubes
with lengths of 500 nm and diameters of 30 nm (Fig. 6) [42]. Of note is that
the nanotubular self-assemblies could only be obtained under the condition of
sonication in water, implying that the process is kind of kinetically controlled. In
principle, the molecular packing of 10 should be governed by three key n-stacking
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Fig. 6 (a) Structures of Cgo amphiphiles 10 bearing a porphyrin appendage and 11 bearing a
phthalocyanine appendage. (b) TEM images of nanotubes of 10 observed at different scales.
(¢) TEM image of nanotubes of 11. Adapted from [42, 47] with permission. Copyright PNAS
and ACS

driving forces: Cgp—Cgo, Cgo-porphyrin, and porphyrin-porphyrin interactions.
Modeling study suggested that porphyrin-porphyrin staking gave the most signifi-
cant contribution to stabilizing the nanoscopic organization. An analogous Cgg-
amphiphile bearing a phthalocyanine (Pc) appendage (11, Fig. 6) was reported by
Guldi and coworkers in 2005 [47]. Similar to 10, amphiphile 11 also showed a
strong tendency to form uniform nanotubes after dispersion in water by sonication.
Photophysical studies indicated that nanostructured Cgo-Pc assembly underwent
ultrafast charge separation and ultraslow charge recombination, leading to an
impressively long-lived charge-separation species [47]. These results suggested
intriguing application of hybrid systems containing amphiphilic Cg, skeletons and
planar mt-donors in organic photovoltaic devices. Given that n-stacking instead of
geometric factors plays a dominant role in the supramolecular assemblies of 10 and
11, simple amphiphilic packing rules do not provide any instructive insight into the
morphological properties of their nano-aggregates. Obviously, more sophisticated
theoretical modeling is required for better rationalization.

Recently, the aggregation behaviors of a series of pyrrolidino-Cg derivatives
12-16 (Fig. 7) carrying side chains with increasing hydrophobicity (from
polar nonionic to polyionic) have been studies by De Maria and coworkers
[48]. The hydrophobicity vs. hydrophilicity balance was evaluated by descriptors
derived from aggregation measurements in aqueous/organic mixtures, partition
measurements between n-octanol and water, and retention factors in reverse-
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Fig. 8 Structures of Cgp-Ru[bpy]s>* hybrid 17 and fulleropyrrolidinium-ferrocene amphiphiles
18 and 19

phase chromatography. TEM studies of the evaporation-induced aggregates of
these Cgop-amphiphiles showed nanometer-scale clusters with different sizes, and
the detailed morphologies and structures were not so well defined to be rationalized
or interpreted according to the general molecular packing theories.

Chain-like Cgy amphiphiles containing organometallic moieties have also been
found to show ordered microscopic aggregating properties. For instance, the
aggregates of Cgo-Ru[bpy]s** hybrid 17 (Fig. 8) transferred from water to quartz
surface formed microfibers made of nanosized clusters with diameters of ca.100 nm
[49]. Substitution of the hydrophilic Ru[bpy]s>" moiety of 17 with nonionic aro-
matic groups such as coumarin and fluorescein chromophores did not result in
similar microstructures, underscoring the crucial role of Ru[bpy]s** in assembling
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ordered supramolecular structures. Guldi and coworkers successfully used two
fulleropyrrolidinium-ferrocene amphiphiles 18 and 19 to construct layer-by-layer
(LBL) thin films, which assembled into linear nanowires [50]. The highly organized
superstructures were believed to arise from complicated interplay between short-
and long-range intermolecular interactions.

4 Nano-Aggregates Assembled by Cg, Amphiphiles
Bearing Branched or Dendritic Polar Appendages

Fullerene derivatives functionalized with multiple long side chains are usually very
soluble in common organic solvents and even in water if water-soluble groups are
embedded in the side chains. As such the supramolecular self-assembling properties
are considerably altered in comparison to those relatively small and less soluble Cg
amphiphiles. It was discovered in the late 1990s by several groups that attachment
of multiple mesogenic units to the Cg( core could give rise to interesting mesomor-
phic properties. For example, in 1996 Deschenaux and coworkers synthesized a Cgq
derivative 19 (Fig. 9), the structure of which contains two cholesterol moieties
[51]. Compound 19 was the first example of Cg-based thermotropic liquid crystals.
In the same year, Nakashima and coworkers reported an artificial fullerene lipid 20,
in which the side attachment is composed of three long alkyl chains (Fig. 9)
[52]. Compound 20 shows solubility in common organic solvents, but is not
water-soluble. Thin films of 20 were characterized by differential scanning calori-
metric (DSC) analysis to show phase transition from crystalline to liquid crystalline
phases. X-ray diffraction study suggested that 20 aggregated in a multilayered
microstructure in the thin film. A large array of Cgo derivatives in which a Cgq
core was linked to multiple mesogenic branches was prepared later, and their liquid
crystalline properties were well summarized in a previous review [53]. Neverthe-
less, this class of Cg( derivatives shows tendency to form good quality thin films
rather than discrete particle-like aggregates. Such supramolecular assembling
properties have been employed in the design of advanced Cgp-based liquid crystal-
line materials in recent years [54-56].

A pyrrolidinofullerene 21 carrying a trialkoxybenzene appendage was
synthesized by Nakanishi and coworkers in 2005 using the Prato method
(Fig. 10) [57]. The supramolecular self-assemblies of 21 obtained after heating
and aging in various solvents were examined by electron microscopy (SEM and
TEM). It was found that the aggregate morphologies of 21 were solvent-dependent.
In 2-propanol/toluene, spherical vesicles were formed with an average diameter of
250 nm (Fig. 10b). HR-TEM revealed that the vesicles take a two lamellae bilayer
arrangement and the wall thickness was 8-9 nm. In 1-propanol, however, 21
aggregated into fiber-like microstructures and bundles of fibers with lengths greater
than 20 pm (Fig. 10c). When 1,4-dioxane was employed as the solvent, the self-
assemblies of 21 took the form of single bilayer discs (Fig. 10d). AFM imaging
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Fig. 9 Structures of Cgg derivative 19 with two cholesterol moieties and fullerene lipid 20 with
three long alkyl chains

500 nm 500 nm

Fig. 10 (a) Structure of pyrrolidinofullerene 21 with a trialkoxybenzene appendage. (b) TEM
and HR-TEM (inset) images of vesicles of 21 formed in 2-propanol/toluene. (¢) SEM image
of fiber-like aggregates of 21 formed in 1-propanol. (d) SEM image of single bilayer nanodisk
of 21 formed in 1,4-dioxane. (e) SEM image of conical aggregate of 21 formed in 1:1
THF/H,0. Adapted from [57] with permission. Copyright RSC

indicated that the discs had diameters of 0.2—1.5 pm and thickness of 4.4 nm. In 1:1
H,O/THF, cone-shaped objects of submicron size together with disc-like structures
were observed. The conical aggregate shown in Fig. 10e has a hole with a diameter
of 60 nm, while the thickness of the shell is ca. 150 nm which corresponds to
multilayer films. Thin films of 21 prepared by casting method were examined by
XRD analysis to reveal an inter-fullerene distance of ca. 4.3 nm, suggesting the
molecules were packed in an interdigitated bilayer architecture in the solid state.
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Fig. 11 Proposed mechanism for the formation of flower-shaped supramolecular assemblies of
21. (a) SEM images of disk-shaped assemblies of 21 formed in 1,4-dioxane at 20°C as a precursor
for the flower formation. (b) Optical microscopy and (¢) SEM images of square-shaped objects
loosely rolled up in every corner formed by rapid cooling of 1,4-dioxane solution of 21 from 60 to
5°C. (d), (e) SEM images of the further rolled-up objects of crumpled structures at the four
corners. (f) SEM and (g) TEM images of the final flower-shaped objects formed by slow aging at
5°C. (h) Schematic representation of the formation mechanism of the flower-shaped supramolec-
ular assembly. Reprinted from [58] with permission. Copyright Wiley

In 2007 Nakanish and coworkers prepared flower-shaped hierarchical supramo-
lecular assemblies of 21 (Fig. 11f) under a sequence of preparation conditions:
(1) heating in 1,4-dioxane to 60°C for 2 h; (2) aging at 20°C for 24 h; and (3) cooling
to 5°C for at least 12 h [58]. The flower-like morphology had a dimension of
3-10 pm and was composed of sheet or flake-like nanostructures according to SEM
and cryo-TEM studies. Variation of the preparation conditions allowed the inter-
mediary morphologies to be observed, disclosing a transformation mechanism from
flat bilayer disks, rolled up disks, to crumpled disks (Fig. 11). Moreover, spiral
assemblies of 21 were prepared in different chiral butanols. The handedness of the
spiral structure appeared to be originated from the hydrogen bonding interaction
between 21 and the solvent molecules.

The supramolecular assemblies of a similar trialkoxybenzene-appended
pyrrolidinofullerene 22 (Fig. 12a) was prepared by Nakanishi et al. in 2008
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Fig. 12 (a) Structure of trialkoxybenzene-appended pyrrolidinofullerene 22. (b) SEM image of
globular objects of 22 deposited from a dilute 1,4-dioxane dispersion. Adapted [59] with permis-
sion. Copyright Wiley

[59]. The preparation conditions were as follows: heating the solution of 22 in
1,4-dioxane to 70°C and then cooling to 20°C. The resulting precipitates were
analyzed by SEM and optical microscopy to show globular-shaped aggregates with
diameters of a few microns and hierarchical organization of winkled flake-like
submicron structures (Fig. 12b). HR-cryo-TEM analysis indicated these
microstructures were assembled in the form of lamellar bilayer with a lamellar
periodicity value of 4.4 nm. XRD analysis revealed a d-spacing value of 4.85 nm,
which together with the TEM results suggested 22 packed in bilayer with the
eicosyloxy chains interdigitated, given that 22 is about 3.6 nm in size. Of great
interest is that thin films of 22 prepared on various substrates by slow evaporation
method exhibited water-repellent superhydrophobicity with a water contact angle
of ca. 152° (inset of Fig. 12b). SEM indicated that the thin films were ca. 20 nm in
thickness and composed of densely packed globular aggregates (Fig. 12b). The
superhydrophobicity arose from the fractal morphology of the two-tier roughness of
both micro- and nanometer scale that mimics the leave’s surface of lotus.

In 2010, Nakanishi and coworkers continued to prepare some supramolecular
assemblies of trialkoxybenzene-pyrrolidinofullerenes associated with carbon nanotubes.
It was discovered that the morphological changes of the aggregates of alkylated
fullerenes could be used as a “temperature indicator” for photothermal conversion
of carbon nanotubes (both single-walled and multiple-walled) in air upon near-
infrared (NIR) laser irradiation [60]. This finding provided a useful approach to
explore the photothermal properties of carbon nanotubes.

Dendrimers and dendrons are an appealing subclass of dendritic polymers and
are commonly used as well-defined nano-building blocks owing to their predictable
and controllable hierarchical structures and shapes [61-64]. In fullerene chemistry,
the hybridization of Cgy and various dendrimers has evolved into a fully fledged
subtopic over the past decade [65, 66]. Arai and coworkers in 2006 reported a
water-soluble Cgq derivative 23 bearing a L-lysine dendrimer and two porphyrin
units [67]. It was proposed that such a large molecule would show a globular-like
structure in the solution phase. Dispersed in water, the molecules self-assembled
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Fig. 13 (a) Structure of a water-soluble Cgq derivative 23 bearing an L-lysine dendrimer and two
porphyrin units. TEM image of samples cast from a solution of 23 in (b) H,O (x43,000, 250 kV)
and (c¢) 10 wt% 2-hydroxypropyl-p-cyclodextrin in HO (x47,000, 300 kV). Adapted from [67]
with permission. Copyright ACS

into ordered nanospheres with the shape slightly distorted as revealed by TEM
analysis (Fig. 13). The amphiphilicity and n—x interactions between fullerene and
porphyrin units provided the driving forces for such an interesting supramolecular
assembling behavior. The sizes of the aggregates of 23 in water were 90-170 nm
determined by TEM. AFM study of the cast films of 23 on surfaces showed
egg-shaped particles with sizes of 100—300 nm. Of particular interest is that when
23 was dispersed in water together with 2-hydroxypropyl-p-cyclodextrin (10%, wt),
uniform spherical aggregates were observed by TEM, and the size distribution
appeared to be much narrower (100—110 nm) compared with the case without
cyclodextrin (Fig. 13c). It was reasoned by the authors that the addition of cyclo-
dextrin tended to produce more homogeneous dispersion rather than causing
de-aggregation. The spherical assemblies of 23 are in contrast to the regular
nanotubes assembled by porphyrin-fullerene hybrids 11. The extremely large
globular molecular shape along with the complex hydrophilicity/hydrophobicity
balance of 23 could be the reasons accounting for its unique self-aggregation
properties in water.

In 2008, Martin and coworkers designed and synthesized a fullerene-dendrimer
hybrid (dendrofullerene 24, Fig. 14a), the structure of which consisted of a Cg core
linked to a first-generation dendron and four n-extended tetrathiafulvalene (exTTF)
peripheral groups [68]. Because of the favorable n—= interactions between convex
Ceo cage and the concave faces of exTTFs, dendrofullerene 24 was predicted to
self-organize to form tree-like supramolecular assemblies (Fig. 14b). In a CHCl;
solution of 24 (2.0 x 10~* M), two sets of hydrodynamic radii were found by DLS
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Fig. 14 (a) Structure of dendrofullerene 24 with four m-extended tetrathiafulvalene (exTTF)
peripheral groups. (b) Self-assembly of 24 to form supramolecular dendrimer. (¢) AFM image
of a drop-cast of a CHCI; solution of 24 (10 pM) on mica. Adapted from [68] with permission.
Copyright ACS

analysis, showing molecular clusters in the ranges of 5-15 nm and 0.78-1.0 pum,
corresponding to monomeric to trimeric aggregates and multimetric associates,
respectively. Aggregates prepared by drop casting on mica were imaged by AFM
to show grape-like nanoparticles with uniform heights of 0.9-1.1 nm (Fig. 14c). A
close inspection of the AFM image hints to that the large clusters were made up of
small spherical aggregates grouped together by non-covalent n—m interactions.
Although not conclusive about the details of the microstructure, the aggregation
of 24, if treated as a truncated cone in shape, seems to behave in line with the
geometric packing model proposed by Tsonchev and coworkers [34].

Our group recently prepared a series of dendrofullerenes 25a—e (Fig. 15) in
which well-defined Fréchet-type dendrons ranging from the first to the third
generations (G1 to G3) were connected to a pyrrolidinofullerene core through a
Cu-catalyzed alkyne-azide cycloaddition (click reaction) [69]. The controllable
molecular shapes of the dendron attachments render the dendrofullerenes a
truncated cone-like structure, which accordingly would lead to spherical aggregates
in amphiphilic molecular packing as schematically illustrated in Fig. 16a. Solvent
(CHCl3) evaporation-driven self-assemblies on exfoliated surfaces of mica were
prepared by spin-coating method. AFM analysis revealed that the dendrofullerenes
did not assemble into discrete nanoparticles with regular shapes but cross-linked
worm-like aggregates or amorphous films. Such random interfacial self-assembly
morphologies contradicted the amphiphilic packing rules and were ascribed to the
weak amphiphilicity of dendrofullerenes 25. To induce ordered supramolecular
packing, acidification of the solution by trifluoroacetic acid (TFA) was conducted
prior to spin-coating, as the protonation of the N-containing groups in dendro-
fullerenes 25 was expected to further enhance amphiphilicity. Indeed, this approach
has been proven effective. Spherical nano-aggregates were observed in the thin
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films of 25 as evidenced by AFM imaging. Interestingly, the nature of the periph-
eral group appears to exert a significant control over the size of the nanospheres. In
the case where phenyl groups constitute the outer surface of the dendron, very wide
size distributions were found by statistical analysis of 100 nanoparticles in a
selected region (4—44 nm for 25a and 3-30 nm 25¢). Given the molecular spans
of the two dendrofullerenes (ca. 2-3 nm according to CPK models), a significant
portion of the nano-aggregates was believed to take multilayer micellar forms
assembled through a Cgg-phenyl stacking motif similar to that observed in the
solid state [70].

Dendrofullerenes with n-decyl peripheral groups (25b, 25d, and 25e) were found
to form uniform spherical nano-aggregates closely packed across the surface
(Fig. 16d, e). Of great interest is the statistical analysis of the vertical height of
nanoparticles revealed much narrower size distributions (Fig. 16b). From Table 2
it can be clearly seen that the theoretically predicted sizes of the monolayer
nanospheres are consistent with the heights of particles measured by AFM, when
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Fig. 16 (a) Spherical aggregation from truncated cones. (b) Statistical analysis of vertical
diameters distribution for the spherical nano-assemblies of 25b, 25d, and 25e prepared from
spin-coating their dilute CHCl; solution on mica. AFM images of interfacial self-assemblies for
(¢) 25b, (d) 25d, and (e) 25e under acidic conditions

Table 2 Relationship between amphiphile shape and predicted aggregated morphology

Length of amphiphile by  Predicted diameter of Average height of particles
Entry  CPK models (nm) monolayer nanosphere (nm)  determined by AFM (nm)
25b 2 4 4.0
25d 4 8 7.2
25e 6 12 20.5

the dendrofullerene building blocks contained first- and second-generation
dendrons. This result indicates that the n-decyl groups provide an effective
insulating layer to prevent the monolayer nanospheres from further agglomeration.
When the building blocks carried a third-generation dendron (25e), however, the
predicted size of nanosphere is much smaller than the experimentally measured
particle height. The discrepancy arises likely from the increased conformational
flexibility of the larger dendron structure. Nevertheless, the use of dendrofullerenes
bearing long alkyl peripheral groups has been demonstrated as an effective
“bottom-up” means to attain uniform Cgo nanospheres. As revealed by the analysis
in Fig. 16b, narrowly distributed nanospheres can be produced via interfacial
molecular packing. This work clearly shows that the shape and size of the nano-
aggregates of Cgo amphiphiles can be precisely controlled by systematically tuning
the molecular structure as a dominating factor.

The Hirsch group recently reported the synthesis of a highly water-soluble
dendrofullerene amphiphile 26, the structure of which carries six nonionic,
hydrophilic a-p-mannopyranosyl units as the peripheral groups (Fig. 17)
[71]. This dendritic Cgp-glycoconjugate showed a water solubility of >40 mg/mL
and aggregated into small micellar sugar balls (nanospheres) in water of ca. 4 nm as
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Fig. 17 (a) Structure of water-soluble dendrofullerene amphiphile 26 with six nonionic, hydro-
philic a-p-mannopyranosyl units. (b) TEM image of the micellar sugar balls composed of 26.
Adapted from [71] with permission. Copyright Wiley

revealed by diffusion-ordered NMR and TEM studies. Given the truncated cone-
like molecular shape of amphiphile 26, the aggregation morphology is accountable
based on the geometric packing theory as outlined by Tsonchev et al. [34].

Wang and coworkers reported the synthesis and supramolecular assembly of
dendrofullerene 27 in 2010 [72]. The structure of this dendrofullerene consists of a
hydrophobic Cg, head, a hydrophilic poly(urethane amide) dendron (g;-PUA), and
a layer of hydrophobic n-hexadecyl peripheral groups (Fig. 18). The hydrogen
bonding interaction within the g3;-PUA moiety renders the compound a flat
plate-like molecular shape. In THF/H,O (7:3, v/v) solution, dendrofullerene 27
self-assembled in an anisotropic manner to form ribbon-like aggregates as revealed
by TEM imaging (Fig. 19b). AFM studies showed that the ribbons had thickness of
12.0 and 22.7 nm (Fig. 19a), corresponding to single- and double-layered structures
as proposed in Fig. 19¢c, d. Moreover, small-angle X-ray scattering (SAXS) analysis
of the ribbon-like aggregates suggested a lamellar structure with a d spacing of
9.24 nm. The value is smaller than the thickness found by AFM, suggesting an
arrangement of interdigitated alkyl chains (Fig. 19d).

In addition to the dendrofullerenes, a class of “shuttle-coke” like penta-
substituted fullerenes 28 (Fig. 20) is worthy of special remarks. This type of
fullerene derivatives can be readily prepared through a fivefold organocopper
addition to Cgo developed by Nakamura and coworkers [70, 73-75]. Treatment of
the compounds with a strong base, KO'Bu, would lead to the formation of potas-
sium fullerenide [RsCgo] K™ (R = aryl or alkyl) which can be solubilized in water
with good stability. In contrast to many water-soluble fullerene derivatives, the
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Fig. 18 Structure and molecular model of dendrofullerene 27. Adapted from [72] with permis-
sion. Copyright ACS

Fig.19 (a) Tapping mode AFM image of aggregates of 27 formed in THF/H,O (7:3, v/v) solution
after spread on a silicon surface. (b) TEM image of ribbon-like aggregates of 27 formed in
THF/H,0 (7:3, v/v) solution. Adapted from [72] with permission. Copyright ACS
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Fig. 20 (a) Structures of the penta-substituted fullerene potassium salts 28a—c and their bilayer
vesicle formation. (b) SEM image of vesicular 28b-covered ITO surface. The scale bar represents
100 nm. (c¢) SEM image of a different area of the same vesicular 28b-covered ITO sample viewed
with 80° tilting of the sample stage. (d) TEM images of isolated vesicles of 28c. (e) TEM images
of isolated clusters of 28c. Adapted from [78, 79] with permission. Copyright Wiley and Elsevier

[RsCgo]l K" type of compounds shows a reverse amphiphilic nature; that is, the
hydrophilicity comes from the negatively charged Cg core, while the side-chain
substituents are water repelling. Deposition of a dilute aqueous solution of the
pentaphenyl fullerenide anion (28a) on mica resulted in globular particles as
evidenced by AFM analysis [76]. The heights of the particles were 5-16 nm,
which is in accordance to the results of DLS analysis (averaged apparent hydrody-
namic radius 16.8 nm, polydispersity 0.18 £ 0.02) [76]. LLS analysis revealed that
the self-assembled nanospheres of 28a in water assumed a bilayer vesicular form as
schematically illustrated in Fig. 20a [77]. The vesicles featured an average
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hydrodynamic radius and radius of gyration of ca. 17 nm at a very low critical
aggregation concentration (<10~ M). The average aggregation number of the
associated particles was estimated to be about 12,000.

Recently, Nakamura and coworkers demonstrated that the pentaphenyl
fullerenide anion bearing fluorous tails can give rise to organized supramolecular
assemblies in water and on solid surfaces [78]. DSL analysis of 28b in water
indicated that stable bilayer vesicles were formed with a narrow size distribution
and an average radius of 18.1 + 0.1 nm. Spin-coating of 28b on the indium tin
oxide (ITO) substrate led to the formation of uniform vesicles. SEM studies showed
that the vesicles were assembled on the ITO surface with a density of 228 + 14
vesicles/ym?” and an average radius of 17.8 & 0.2 nm. It is also remarkable that
unlike other lipid vesicles, the vesicles of 28b assembled on surfaces showed very
good structural integrity under vacuum. For instance, even at 10~ Pa, spherical
shape was retained for the nano-aggregates on ITO (Fig. 20b, c). Pentamethyl
fullerenide anion 28c under dilute conditions self-assembled into similar bilayer
vesicles (Fig. 20d); however, the sizes of the vesicles (radius 27 nm and aggregation
number 21,000) appeared to be considerably larger than those of 28a and 28b.
The aggregates of 28c¢ formed above the critical reaggregation concentration
(CRC) were clusters made of spherical vesicles in various sizes and geometries
(Fig. 20e), suggesting a significant rearrangement of the anion surfactants and
counterions [79].

5 Nano-Aggregates Assembled by Amphiphilic Hexakis
Adducts of Cgg

From the aforementioned examples, the strong n—7 attraction between Cg cages
appears to be a major driving force dictating the aggregation of Cgy amphiphiles
into a small-sized nanoparticle. In the case of heavily functionalized Cgg
derivatives, however, the Cg, spheres are usually well shielded or encapsulated
by the addend groups. As such, the Cg inter-cage interactions can be substantially
reduced and its contribution to the aggregation behavior is negligible. Actually,
such an effect has provided a useful approach for the preparation of ordered and
reversible Cg-containing Langmuir or Langmuir—Blodgett (LB) thin films at the
air-water interface [66, 80-85].

In 2005 the Hirsch group synthesized an amphiphilic [5:1]-hexakis adduct of Cgq
29 (Fig. 21), in which two water-soluble dendrons were connected to the Cgq core
by amide linkers [86]. This amphiphile was found to show aggregation properties
dependent on the pH of media. In neutral water (pH 7.2), compound 29 aggregated
into mostly cylinders with a diameter of ca. 65 nm as revealed by cryogenic TEM
studies (Fig. 22a). The tubular aggregates were reconstructed base on dimensions
and density profile, suggesting a double-layered self-assembly motif in which
roughly eight molecules occupied in the circular cross-section area (Fig. 22b).
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Fig. 21 Structure of amphiphilic [5:1]-hexakis adduct of Cgo 29 with two water-soluble dendrons

When the pH of the solution was increased to 9.2, exclusive formation of structur-
ally defined micellar spheres was observed (Fig. 22¢) with a diameter of ca. 8.5 nm.
The 3D organization of these spherical aggregates was determined by a simulation
method to possess a C,-symmetrical cubic arrangement composed of eight
molecules oriented in such a way that all the hydrophobic parts of the molecules
were efficiently shielded by the hydrophilic groups from the aqueous environment
(Fig. 22d). The pH-dependent aggregation behavior was attributed to the different
degree of protonation that altered the repulsion and the size of hydration shell. Also
of note is that when the amide linker groups of 29 were switched to esters, the
aggregation morphologies differed dramatically; bilayer sheets or liposomes
became the predominant structures [87]. An explanation for this is that the dendritic
amide moieties in 29 have more pronounced rigidity that favors aggregation with a
high degree of curvature rather than a planar alignment [86].
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Fig. 22 (a) TEM image of rod-shaped double-layer aggregation of 29 at pH 7.2. (b) Proposed
model of a molecular arrangement of 29 in micellar rods at neutral pH. The employed head-group
volume is based on the partly protonated form. Hydrophobic alkyl chains, which should reside at
the center of the micelle, are not shown for clarity. (¢c) TEM image of globular micelles formation
of 29 at pH 9.2. (d) Eight head groups of the dendritic fullerene molecule may be fitted in a
C,-symmetrical mode into the reconstructed electron-density map. Reprinted from [86] with
permission. Copyright Wiley

To understand the factors that dictate the structural persistence, Hirsch and
coworkers further designed and investigated a [3:3]-hexakis Cgo adduct 30 in
2007 (Fig. 23a) [88]. Unlike amphiphile 29, compound 30 carries three hydrophilic
G-1 dendrons, with each dendritic branch ended with nine carboxyl groups.
Although the total number of carboxyl functionalities was identical to that of
amphiphile 29, the space occupied by the hydrophobic moieties was much reduced.
TEM analysis of the aggregates of 30 in water by a negative-staining technique
disclosed the formation of uniform nanospheres with a diameter of ca. 5 nm
(Fig. 23b). 3D reconstruction based on molecular modeling and TEM imaging
indicated that these spherical micelles were made of three identical S-shaped motifs
in the D3 symmetry (Fig. 23c). It was also found that each S-shaped segment
consists of two molecules of 30. Overall, the spheres were assembled to minimize
the contact of the hydrophobic cores with the water surrounding. The hexakis
adducts of Cgy demonstrated by Hirsch and coworkers have not only provided
insight into the precise nanoscopic organization of the supramolecular
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Fig. 23 (a) Structure of [3:3]-hexakis Cgo adduct 30. (b) TEM image of aggregates of 30 using
negative-staining technique. The scale bar represents 50 nm. (¢) 3D reconstruction of the micelle
and molecular fitting. Adapted from [86] with permission. Copyright Wiley

self-assemblies of Cgo amphiphiles but also opened the way for making shape-
persistent Cgp-based micellar superstructures [89]. These results manifested the
power of using the “bottom-up” approach to construct controllable and tunable
supramolecular structures and nano-devices, such as “nano-containers.”

6 Summary and Outlook

The widespread interest in nano-science and technology over the past few decades
has greatly inspired and spurred synthetic and material chemists to continually
refine their tools to prepare new functional materials with well-defined and control-
lable nanoscopic structures. Investigation and exploitation of controlled supramo-
lecular self-organization of various Cg fullerene derivatives will pave the way for a
wide range of applications. However, such undertakings are still facing a number of
challenging barriers. The review in this chapter highlights recent progress towards
overcoming these challenges. Aggregation of Cgy amphiphiles tends to take a
variety of forms depending on both the properties of the packing molecules and
experimental conditions. It is evident that functionalization of Cgo with rationally
designed pendant groups offers an effective approach to avert the random aggrega-
tion inherent in spherical Cgo cage and hence delivers controllability over the
microstructure of self-assembly and organization. Yet, the ability to make a priori
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prediction on aggregation behaviors and morphological outcomes for various
amphiphilic Cg( building blocks has not been realized. To reach this end, continued
efforts to design and synthesize new Cgy amphiphiles with controlled self-assembly
properties and the use of high-resolution analytical techniques to well characterize
the nanoscopic details of Cgy nano-aggregates are imperative and indispensable.
Additionally, it is worth noting that a difficulty in applying amphiphilic packing
theories to rationalize aggregation outcomes lies in how to properly describe the
molecular shapes of complex Cgp derivatives. This appears to be an overlooked
territory in the recent literature. In this sense, employment of consistent and reliable
modeling methods [90-92] rather than empirical estimation to evaluate the shape of
molecule will be of great value for facilitating better understanding of the relation-
ship between molecular structure and aggregation properties.
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Multilayer Assembly for Solar Energy
Conversion

Anna Troeger, Vito Sgobba, and Dirk M. Guldi

Abstract Organizing molecular thin films of electro- and photoactive building
blocks provides a versatile platform to the nanoscale control of assembled
multilayers and paves the way for the design of functional electronic devices and/
or efficient photoenergy conversion devices. Assembly methods, including the
Langmuir—Blodgett and the layer-by-layer technique, offer elegant means to realize
well-ordered multifunctional thin films on variable surfaces. In this chapter, the
fundamental factors and driving forces that govern the adsorption processes of
multilayered assemblies are highlighted and numerous intriguing contributions to
the field of template-assisted assemblies are presented. Owing to the applicability of
these concepts to carbon-based materials — fullerenes and carbon nanotubes —
particular attention is paid to the integration of these exceptionally materials
combined with light absorbing constituents into nanostructured thin films en
route towards versatile electron donor—acceptor nanohybrids for photoconversion
schemes.
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1

Introduction

One of the most aspiring research objectives of our times is the construction of
multifunctional assemblies and their application in photoelectrochemical solar
energy conversion devices. For decades, the use of inorganic semiconducting
materials has dominated the market. However, the production of organic or
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mixed organic/inorganic solar cells suggested a myriad of innovative technologies.
Notable impact was achieved by concepts like dye-sensitized nanocrystalline solar
cells [1-3], polymer/fullerene bulk-heterojunctions [4—6], small-molecule thin
films [7, 8], and hybrid polymer/nanocrystal devices [9-11]. As a leading example,
small-area dye-sensitized solar cells have so far reached solar power conversion
efficiencies of about 11% [12], whereas efficiencies of 3.5% and 5.7% have been
reported for polymer/fullerene heterojunctions and copper phthalocyanine/fuller-
ene hybrid planar/mixed molecular heterojunctions, respectively — all under white
light illumination [13]. The most frequently encountered problems in this field are
interfacial diffusion of the building blocks (i.e., electron donors and acceptors) and/
or lack of efficient light response of large-band-gap semiconductor materials in the
visible region of the solar spectrum [14—17]. To this end, the control over small- and
large-scale organization of electron donor—acceptor nanohybrids and the creation of
suitable light and redox gradients are a priority in the development of photovoltaic
devices. The latter is primarily meant to assist in directing photons and charges
in the desired direction. To match the aforementioned needs, preparing, shaping,
and improving multifunctional electron donor—acceptor hybrids at the molecular
scale is of considerable interest [18—21]. Essential prerequisites concerning the
basic building blocks are accessibility and tractability. Nanoscale carbon-based
materials — fullerenes and carbon nanotubes (CNT) — meet these criteria and,
moreover, have emerged as unique materials with tunable physicochemical
properties [22-28]. Varying, for example, the size, the diameter, and the morphol-
ogy of these carbon nanostructures changes band-gap energies, electronic conduc-
tion, transport features, etc. Organizing nanoscale carbon-based materials with
electron-donating compounds to create nanostructured surfaces necessitates recog-
nition, discrimination, and binding. This requires, however, the complementary of
the binding sites in terms of size, shape, and chemical functionality. In this context,
the simplicity and versatility of electrostatic interactions and/or van der Waals
forces provides ample opportunities for probing fundamental/mechanistic aspects
and for optimizing practical/performance aspects. Motivated by these incentives,
the Langmuir-Blodgett (LB) deposition method and self-assembly techniques
[28-32] provide excellent options for the preparation of ultrathin films of controlled
thickness and molecular arrangement. In the 1980s, the preparation of multilayer
assemblies and nanostructured thin films has been widely dominated by the LB
technique — a method in which monolayers are formed at the air/water interface and
subsequently transferred onto solid supports [33]. In the 1990s, self-assembled
films have drawn major attention, mainly due to advantages like simplified prepa-
ration and higher stability. Among the different self-assembly techniques, electro-
static layer-by-layer (LbL) deposition presents an elegant approach. The integration
of complementary motifs, that is, several positively and negatively charged binding
sites in combination with van der Waals or other weak interactions expands the
possible scope of this technique. The approach of integrating LB and LbL
multilayers of electron donor—acceptor nanohybrids based on a combination of
fullerenes and CNT with light absorbing building blocks into photovoltaic devices
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revealed promising characteristics for energy conversion, high photoactivity, and
environmental stability. An important feature is that the photocurrents evolving
from the efficient generation of charge-separated states increase with the number of
deposited layers [34].

2 Historical Background

2.1 Langmuir/Langmuir Blodgett

The early origins of the Langmuir—Blodgett technique date back to the ancients
which already have been aware of the interesting effects of oil on the water surface.
Nevertheless, the first effort to place the subject of monolayers on a scientific basis
was made by Franklin in the eighteenth century [28]. His original experiments on
the calming influence of oil on the water surface of the Clapham ponds were
recorded in his communication to the Royal Society in 1774 [35]. Later, Rayleigh
estimated from his experiments on dispersions of oil on water the thickness of these
films to be in the molecular range [36]. It was Pockels, at the end of the nineteenth
century, who via direct measurements of molecular dimensions [37] introduced a
simple experimental setup with movable barriers, which emerged later as the model
for the Langmuir-Blodgett trough. Work in this field was pursued at the beginning
of the twentieth century by Devaux [38], who was among the first to accomplish
experiments of spreading polymers as films utilizing proteins and polymers. Hardy
[39] discovered that only materials with a polar head group extend to form good
monolayers. Nevertheless, his assumption of long-range cohesive forces between
molecules in the film turned out to be wrong. It was Langmuir, who postulated that
these forces have short-range character and are affective exclusively between
neighboring molecules [40]. He accomplished a systematic study of monolayers
of amphiphilic compounds at the air/water interface and laid the scientific founda-
tion for monomolecular films. For the latter he was awarded with the Nobel Prize in
Chemistry 1932 based on his experiments that have demonstrated the formation of
stable adsorbed films, in which single atoms were bound to the underlying surface.
Furthermore, he invented among other new techniques and devices, the surface film
balance, which carries his name today [41]. In his experiments, he shed light onto
the orientation of molecules at the air/water interface. In particular, the polar head
groups immerse into the aqueous phase, while the non-polar chains point almost
vertically from the surface and provided evidence for Rayleigh’s assumption of the
single molecular layer thickness of the films. In a paper mainly devoted to other
topics, Langmuir also referred to the transfer of films from the air/water interface to
solid substrates [42]. It was, however, not until 1935 that Blodgett provided a
systematic description of multilayers of carboxylic acids deposited onto a solid
surface from the air/water interface [43]. Built-up monolayer assemblies are now
referred to as Langmuir-Blodgett films in contrast to Langmuir films, which
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describe only the monolayers at the air/water interface. While Langmuir
concentrated on protein monolayers, Blodgett focused on the optical properties of
multilayer films [28]. Until the outbreak of World War II, scientific research
regarding the properties of monomolecular films mushroomed. A more detailed
account of work during this period is given by Gaines whose book [44] provides a
comprehensive treatment of the subject up to 1966. However, few applications
were found for monolayer and multilayer structures. Within the last 10 years, LB
films arose once again as a subject of detailed investigation. This interest has been
in part stimulated by some intriguing possibilities for the application of these films.
Many of these applications are in the fields of electronics and microelectronics [45]
and have only emerged with the rapid expansion of these subjects.

2.2 Layer-by-Layer

Even though the LB procedure is a powerful tool for handling molecular building
blocks, it suffers from some inherent drawbacks, mainly due to the extensive use of
mechanical manipulation in the formation and transfer of monolayer films [46]. The
control of specific properties at the molecular level has been achieved for a number
of supramolecular systems by means of self-organization concepts. The self-
assembly of organic, layered heterostructures was pioneered by Sagiv [47], who
produced stable monolayers via covalent adsorption of molecules with specific
functional groups onto solid substrates. In another work, the formation of multilayer
assemblies was enabled by means of bifunctional silane surfactants exhibiting both,
the usual polar head group (i.e., SiCl;-group) necessary for covalent attachment to
hydroxyl possessing surfaces and a nonpolar group (i.e., ethylenic group) chemi-
cally convertible into a polar function after the first adsorption step (i.e., via
hydroboration and H,0, oxidation to terminal hydroxyls) [48]. A drawback of
this strategy is the limitation to covalent or coordination chemistry and, in turn,
to certain classes of molecules. These problems are most likely caused by the steric
demand of covalent chemistry and the few reactions with 100% yield, which is a
requirement for maintaining a high density of functional groups in each layer. A
more versatile approach is the LbL method, having its roots in an extraordinarily
envisaging publication by Iler [49] in 1966 and by Decher [50, 51] at the beginning
of the 1990s. This method is suitable for the fabrication of layered heterostructures
with a prerequisite for fine control over specific properties. The LbL technique was
first applied to electrostatic assemblies of oppositely charged polyelectrolytes onto
charged surfaces realizing the adsorption of polymer composite multilayer films
with uniform thickness. Here, the steric demand is minimized and therefore LbL
seems to be a good candidate for multilayer formation. Since the early 1990s, the
deposition of multicomposite films of rod-like molecules equipped with ionic
groups at both ends [52], polyelectrolytes [53], or other charged materials have
been investigated through LbL adsorption from aqueous solution [54, 55]. This
technique was further expanded by Rubner et al. [S6] who developed the molecular
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self-assembly process based on alternate depositions of p-type doped electrically
conductive polymers and conjugated or non-conjugated polyanions onto different
substrates. Thereby, the manipulation of polymer films for the fabrication of
multilayers with novel electrical and optical properties was enabled. In the follow-
ing years, the LbL method involving polyelectrolytes was further extended to other
systems, namely polymeric nanocrystals, [57, 58] metal and semiconductor
nanoparticles, [59, 60] and dendrimers [61]. Furthermore, multilayers for light-
emitting thin films [62-66], permselective gas membranes, [67, 68]
non-centrosymmetric films for nonlinear optics [69, 70], selectively patterned
surfaces [71], electrochromic films [72, 73], electrocatalytic surfaces [72], and
sensors [74] were established.

In most of the cases adsorption in LbL films is only driven by electrostatic
interactions between oppositely charged species, but secondary interactions have
also been shown to be relevant. Noteworthy, regarding conventional alternative
assembling methods is the hydrogen-bonded LbL deposition [75-78]. Polymers
with hydrogen bond donors and acceptors can be utilized as molecular building
blocks for LbL assembly. Another driving force for LbL deposition is step-by-step
reactions providing an alternative for fabricating stable multilayer films
[79]. Mallouk and co-workers investigated metal-phosphate/phosphonate chemis-
try for a multilayer synthesis based on sequential adsorption of components of
zirconium 1,10-decanebisphosphonate, Zr(O3PC;yH,(PO3) (Fig. 1).

Kunitake and co-workers have been the first who introduced the preparation of
nanocomposite thin films through stepwise adsorption of alkoxides [80] by means
of metal oxide gel films from a surface sol-gel process. They demonstrated this
method to be applicable to a variety of alkoxides of titanium, zirconium, silicon,
indium, tin, and vanadium [81]. Additionally, this method has been applied for the
implementation of organic dyes, amino acids, and sugar compounds into such gel
films to accomplish molecular imprinting [82]. Another mentionable driving force
for the fabrication of multilayer assemblies is charge—transfer (CT) interactions
between donor and acceptor polymers, resulting in periodic layers of CT
complexes. Recently [83], a procedure to deposit multilayered films by sequent
adsorption of two types of nonionic polymers featuring electron-accepting groups
(i.e., 3,5-dinitrobenzoyl group) and electron-donating groups (i.e., carbazolyl
group), respectively, at the ends of the side chains (Fig. 2) has been established.
The application of those CT multilayer films as conductive or nonlinear optical
materials is well received.

Further conventional multilayer assembly methods were introduced in the con-
text of utilizing the characteristics of the stepwise stereocomplex assembly between
sterically well-defined synthetic polymers in certain solvents for LbL deposition of
ultrathin polymer assemblies on substrates [84—86]. The electrochemical LbL
deposition, which refers to a potentiodynamic method [87], emerged as an effective
procedure for multilayer deposition of electroactive species applicable in electro-
chemical sensing [88-90].

Besides the aforementioned approaches, where the multilayer LbL assembly is
realized by means of various interactions and driving forces between adjacent
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Fig. 1 Sequential adsorption of components of zirconium 1,10-decanebisphosphonate,
Z1(O5PCoH»0PO3): First step, exposure of the substrate to an aqueous solution of a silanol
resulting in a monolayer of covalently anchored phosphonate groups. Second step, exposure to
aqueous ZrOCl, solution. Third step, exposure to an aqueous 1,10-decane bis-phosphonic acid.
Multilayer adsorption by repetition of the second and third steps
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Fig.2 Cross-sectional profile illustration of the assembled CT multilayer film. The carbazolyl and
the 3,5-dinitrobenzoyl groups are simplified represented as D and A, respectively. The CT
complexes formed by A and B groups are circled
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Fig. 3 Schematic representation of LbL assembled film of sodium 3-mercaptoethanesulfonate
(first layer), inclusion complexes of fullerenes (1) encapsulated in cationic homooxacalix[3]arenes
(second layer), and anionic charged porphyrin (2) polymers (third layer) on ITO substrate

layers of defined molecular building blocks, several unconventional approaches
describe the deposition of molecules not feasible to assemble with the aforecited
procedures (i.e., single charged, electrically neutral, or water-insoluble species). To
this end, one type of supramolecular approach that renders an uncharged species
charged and water-insoluble species water-soluble are inclusion complexes. In fact,
the supramolecular modification secures the fabrication into multilayer thin films in
a designed sequence. One of the successful examples is the assembly of pristine
fullerenes (1) as ultrathin layers by means of encapsulation in cationic
homooxacalix[3]arenes [91]. Thereby, the water-insoluble fullerene becomes
water-soluble and positively charged and is assembled in a second step with a
negatively charged porphyrin polymer (2) (Fig. 3).

Another choice to render unorganizable species organizable is the non-covalent
modification. A major breakthrough/refinement in depositing SWNT appeared with
the supramolecular treatment of CNT with amphiphilic pyrene derivatives that
carry ionic side chains (i.e., 1-(trimethylammonium acetyl)) as hydrophilic parts
yielding non-covalent functionalized SWNT/pyrene™ nanohybrids (3) [92]. Note-
worthy is a workup procedure that allows enrichment of SWNT in aqueous media
[93]. Consequently, they were able to accomplish the electrostatically driven
deposition of SWNT/pyrene*/Zn porphyrin®~ (4) associates onto polyelectrolyte
surfaces (Fig. 4).

Moehwald and co-workers introduced another precursor method involving a
two-step self-assembly process: first, charged metallosupramolecular coordination
polyelectrolytes were formed by the reaction of metal ions with polytopic ligands,
subsequently consecutive adsorption with negatively charged polyelectrolytes
generated molecular films [94, 95]. In a different approach block copolymer
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Fig. 4 Schematic
representation of LbL.
assembled film of
non-covalently pyrene*
functionalized SWNT (3)/Zn
porphyrin®~ (4) associates on
anionic polyelectrolyte
coated ITO substrates

micelles are utilized as building blocks for LbL deposition. Small water-insoluble
molecules can enter the cores of such micelles spontaneously and can be released
from the micelles under special conditions. Initial reports focused on core—shell
structured hydrogel thin films on surfaces by alternating deposition of poly
(ethyleneglycol)-b-poly(D, L-lactide) micelles and poly(allylamine) [96]. However,
this method bears limited potentials for applications because it involves compli-
cated procedures. As an alternative, hydrophobic cores of block copolymer micelles
have been utilized to implement water-insoluble molecules — including pyrene —
into the hydrophobic micellar cores of poly(styrene-b-acrylic acid) for further
application of the loaded block copolymer micelles as building blocks for LbL
assembly [97] (Fig. 5).

In a nutshell, this field of research offers numerous possibilities for the fabrica-
tion of functional surfaces utilizing either conventional or unconventional deposi-
tion methods, which open up new vistas of surface molecular engineering.
Moreover, the LbL technique is extremely versatile with regard to the applied
substrates including hydrophilic and hydrophobic glass, mica, silicon, metals,
quartz, and even polymers [98, 99].

3 Fundamental Concepts and Mechanisms of Multilayer
Formation

3.1 Deposition of Langmuir-Blodgett Films

The study of Langmuir films, monolayers formed on the water surface, discloses an
abundance of valuable information about molecular sizes and intermolecular
forces. Nevertheless, the great interest in this field is based upon the fact that
these monolayers can be transferred onto different substrates by means of the LB
technique. In order to form LB films, a suitable substrate is normally lifted and
raised vertically through the monolayer film, while maintaining a constant surface
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Fig. 5 Schematic representation of implementation of pyrene molecules into the cores of hydro-
phobic micelles, LbL assembly of PDDA and micelles, and release of pyrene molecules

pressure. There are also other transfer procedures known resulting from different
interactions between the molecular monolayer, subphase, and substrate. When the
adhesion on a vertically immersed substrate is rather moderate, some researchers
have adopted the less satisfactory method of placing the substrate flat on the liquid
surface, a technique introduced in 1938 by Langmuir and Schaefer [100]. In other
examples horizontal dipping techniques are reported [101, 102].

Noteworthy, LB is one of the classical surface chemistry methods, but still the
underlying transfer mechanisms of floating monolayer films onto solid substrates is
not yet fully explored [103]. The materials forming monomolecular layers on water
invariably consist of amphiphilic molecules featuring both water-attracting (hydro-
philic) and water-repelling (hydrophobic) groups. LB films are prepared by first
depositing a small quantity of the amphiphilic material, dissolved in a volatile
solvent, onto the surface of carefully purified water. When the solvent has
evaporated, the organic molecules may be compressed to form a floating “two-
dimensional” solid. The hydrophilic and hydrophobic terminations of the molecules
ensure that, during this process, the individual molecules are all aligned in the same
way. In the multilayer deposition utilizing the LB technique the driving forces for
the transfer of the first layer onto the solid substrate of a different material can differ
from the interactions between the subsequent layers transferred onto the already
existing film. Therefore, the chemical and physical structure of the first monolayer
might be different from the following layers. This is the case, for instance, if the
formation of the first layer occurs via chemical reactions with the substrate surface
[104] resulting in a strongly linked first layer. Also, a change in the crystalline
packing of the first and subsequent monolayers was monitored [105, 106] by means
of infrared investigations of fatty acid films. These studies disclosed a hexagonal
symmetry of the first deposited layer being followed by a transition over the next
few layers resulting in an orthorhombic or monoclinic structure depending on the
material used. Although there is a number of experimental evidence as well as
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Fig. 6 Schematic representation of Y-type LB deposition of three consecutive layers onto a
hydrophilic substrate, resulting in a head-to-head and tail-to-tail configuration of the monolayers

theoretical treatments [107] of LB film deposition, a complete understanding of the
formation mechanisms needs further developments in both of these areas.

The most common deposition mode utilized in the LB assembly is illustrated in
the schematic diagram in Fig. 6. In this process, referred to as Y-type, the immersed
substrate is hydrophilic and the first monomolecular layer is deposited in both, up
and down directions. The substrate is therefore either already placed into the
subphase before spreading the monolayer onto the water surface or immersed into
the subphase through the compressed monolayer.

During the compression process the monolayer undergoes several phase
transformations. The different phases are the two-dimensional analogues of gases,
liquids, and solids and can be identified by measuring the surface pressure/surface
tension of the monolayer. Figure 7 depicts a plot of the surface pressure versus
occupied area per molecule for stearic acid. By reducing the available area per
molecule, the compressed monolayer is transformed into the condensed “solid”
form, while the steep pressure area indicates low compressibility in the monolayer.
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This behavior indicates the presence of strong chain—chain interactions forcing the
molecules into their closest-packed arrangement, with moderate dependence on the
surface pressure.

In this condensed state, monolayers may be conveniently transferred from the
water surface onto a suitable substrate. During this process accurate monitoring of
the surface pressure of the monolayer is essential. Although the Y-type deposition is
the most conventional method utilized for the LB film formation, there are also
procedures in which the floating monolayer is only transferred by moving the
substrate in a downward direction (X-type) or an upward direction (Z-type) into
or out of the water (Fig. 8).

Mixed deposition modes are also observed. Likewise, the deposition type may
also be changed during the LB film is generated. It is also possible to assemble
multilayers with different types of materials in the monomolecular films. The
simplest case regarding this procedure is the initial immersion of the substrate
through a monolayer of material A followed by lowering the substrate through a
monolayer of material B. Therefore, a multilayer film containing an ABABAB. ..
order of monolayers is obtained.

During the film transfer process the surface pressure of the floating monolayer is
kept constant. The so-called deposition or transfer ratio t refers to the ratio of the
decrease in area occupied by the monolayer on the subphase to the area of substrate
passed through the air—water interface. To guarantee a successful deposition, this
ratio should be close to unity. Apart from the surface pressure, the temperature and
acidity (pH) of the subphase are important variables that must be controlled for a
successful deposition of monomolecular films. For example, at high pH of the
subphase the deposition type can change from Y- to X-type in case of fatty acids or
their salts. Another crucial factor is the deposition speed, which is limited by two
factors. On the one hand, as the film is deposited onto the substrate, the withdrawal
should be slow enough to guarantee a thorough transfer of material onto the
substrate and at the same time to enable the replacement of already removed
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material on the water surface. Herein, the viscosity of the considered Langmuir film
is the rate limiting factor. On the other hand, as the substrate is moved in the upward
direction, water in contact with the hydrophilic groups of the already transferred
molecules drains away from the solid to make room for the hydrophilic groups. The
rate at which this process can occur is known as the drainage speed and is in the case
of low viscosity materials the rate-determining process. Normally the initial layer is
transferred onto the substrate with relatively slow speeds ranging from 10 pm s~ to
afew mm s~ '. Nevertheless, once the first layer is deposited, much faster deposition
speeds, up to several cm s~ ' are possible [108].
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3.2 Layer-by-Layer Assembly

The LbL technique — a method where polyanions and polycations are alternately
adsorbed onto a substrate — is a very appealing possibility for the assembly of
ultrathin films and provides nm thickness control. The thickness of a single poly-
electrolyte layer is in the range of several Angstroms facilitating the control of total
film thickness by the number of adsorbed layers. The broad range of materials
available for the incorporation into polyelectrolyte multilayers in a designed layer
sequence makes this procedure peculiar when compared with other film deposition
techniques. In contrast with previous methods, the LbL technique provides essen-
tially amorphous films, which are not necessarily stratified due to interfacial overlap
of adjacent layers. Importantly, this method is highly straightforward, since it
involves simple equipment and preparation procedures and can be applied to
diverse types of substrates without consideration of size and shape. A simple case
of consecutive deposition of two monofunctional materials is represented by
polyanion—polycation deposition on a positively charged surface. The charged
molecules in solution are hereby assembled onto oppositely charged surfaces by
means of strong electrostatic attraction. Due to the adsorption of molecules carrying
more than the stoichiometric number of charges with respect to the surface, reversal
of charges at the surface is achieved resulting in two important implications. On the
one hand, single layer formation of one type of polyelectrolyte (i.e., polyanion) is
due to repulsive interactions between equal charges and, on the other hand, adsorp-
tion of oppositely charged polyelectrolyte (polycation) on top of the other. Periodic
repetition of both adsorption steps leads to the formation of multilayer structures.
The fact that these films are deposited from solutions makes this concept a versatile
candidate for the application on any kind of substrate with different size and
topology. Multilayer film deposition onto a solid substrate is accomplished manu-
ally from ordinary beakers (Fig. 9a) or can also easily be adapted for automated
fabrication within a deposition time of 20-30 min for one layer. The representation
of the build-up of a multilayer film at the molecular level (Fig. 9b) shows a
positively charged substrate adsorbing a polyanion and a polycation consecutively.
As a leading example, two typical polyelectrolytes, poly(sodium 4-styrene sulfo-
nate) (5) and poly(diallyldimethylammonium chloride) (6), are shown in Fig. 9c.
The charges of polyelectrolytes are highly beneficial for a strong adhesion of a
monolayer to the substrate or film. In particular, they support the formation of
numerous stabilizing bonds. Moreover, polymers assist in masking underlying
defects. Their conformation at the substrate and film surface is mostly dependent
on the considered polyelectrolytes and adsorption conditions and much less depen-
dent on the substrate or the substrate charge density [54, 109]. As a matter of fact,
substantiation for this hypothesis stems from similar linear increases of film
thicknesses as the function of deposited layers even if different substrates are
used. Electrostatic attractions between oppositely charged polyelectrolytes are the
general driving force for the deposition cycles. Nevertheless, the amount and the
conformation of adsorbed chains reveal dependence on processing parameters,
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Fig. 9 (a) Schematic representation of film deposition process. The solid substrate is consecu-
tively immersed into solutions of a polyanion (step 1) and polycation (step 3), respectively, with
washing steps (2 and 4) after each layer deposition. Cyclic repetition of the four steps results in a
multilayer architecture of type (A/B),. (b) Simplified molecular representation of a double layer
formation of a polyanion and polycation on a positively charged substrate surface. (¢) Chemical
structures of two typical polyelectrolytes: poly(sodium 4-styrene sulfonate) (5) (left-hand side)
and poly(diallyldimethylammonium chloride) (6) (right-hand side)

especially ionic strength and pH of the dipping solutions as well as on the charge
densities of both the polyelectrolyte components. To this end, the effects of
molecular structure, substrate, charge density, ionic strength, deposition pH, and
rinsing conditions on the multilayer stability were explored and documented in
several articles [110-116]. Variation of the charge density is typically achieved by
changing the pH of the dipping solution when polyelectrolytes carry pH-dependent
functional groups such as amines and carboxylic acids or by using copolymers
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containing different ratios of ionic groups. At high ionic strengths or low polymer
charge densities the electrostatic repulsion between different polyelectrolyte
segments is reduced and, in turn, adsorption is promoted. Likewise, electrostatic
attractions between polyelectrolytes and oppositely charged surfaces are reduced,
which counteracts to polyelectrolyte adsorption. As a result, the balance between
polyelectrolyte segment/segment and polyelectrolyte segment/surface interactions
governs the layer growth and thickness [117]. Typically, films are transferred at
concentrations as high as several milligrams per milliliter. Moreover, several
rinsing steps are conducted after adsorption of each layer to prevent contaminations
by liquids adhering to the substrate. Additionally, rinsing removes weakly attached
molecules and, therefore, exerts a stabilizing impact [118].

4 Thin Films of Carbon Nanotubes and Fullerenes

4.1 Langmuir-Blodgett Films

Development of thin film fabrication techniques constitutes a requisite section of
materials science and technology. Particularly, for investigating their optical,
optoelectronic, and electrical properties in a macroscopic scale, the availability of
high quality, homogeneous thin films is a fundamental prerequisite. Furthermore,
thin film fabrication techniques provide an important base for the development of
various types of optical, electrical, and chemical devices. One set of active
components considered in the nanostructured thin film fabrication are carbon
allotropes, such as fullerenes [25, 27, 119-121] and CNT [23, 122].

4.1.1 Fullerenes

The large availability of macroscopic quantities of Cg( has led to an extensive range
of studies on this allotrope of carbon. In particular, thin films of Cgo exhibit
remarkable characteristics [123, 124], ranging from superconductivity [125—-127]
to charge-transfer behavior [128—131]. An essential requirement for the systematic
investigation of these properties is the incorporation of fullerenes into organized
arrays (i.e., two-dimensional) and networks (i.e., three-dimensional). There have
been few reports on interfacial properties of Cgg and its derivatives, especially in the
field of floating films assembled at the air/water interface [132—148]. Moreover, the
employment of the Langmuir-Blodgett technique for the deposition of highly
organized Cg, thin films was thought to lead to the discovery of applications
[108]. However, Cgo is very rigid and hydrophobic, thus exhibiting properties
fundamentally different from those of rod-like self-assembling amphiphilic
molecules commonly employed in LB experiments. So, the deposition of Cgy LB
films has proven to be particularly difficult and lacks reproducibility. In fact, their
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high cohesive energy of more than 30 kcal mol ™' [134, 149] reflects the strong
intermolecular attractive interactions and, in turn, Cg, aggregates spontaneously
and forms very stable van der Waals crystals. As a direct consequence, Cgy is only
sparingly soluble in most organic solvents [123, 124, 150]. Accordingly, pristine
Ceo tends to form ill-defined films of three-dimensional aggregates at the air/water
interface rather than a monomolecular layer. It appears from several studies that the
aggregation of Cg is circumvented by either attaching hydrophilic headgroups or
blocking the contact via encapsulation. One fascinating contribution reports on the
formation of stable Langmuir films of Cgy-based amphiphilic dendrimers (7, 8, 9)
(Fig. 10) and the transfer of the floating monolayers onto solid substrates, yielding
high-quality LB films [151].

Although it was impossible to transfer 7 and 8 onto hydrophilic substrates, they
were easily deposited onto silicon or glass substrates covered with a monolayer of
octadecyltrichlorosilane. Mono- and multilayer films have been transferred with
high efficiency. Films of 7 gave the best results, followed by 9, despite the high
molecular mass. A monolayer of 8 was deposited onto a hydrophilic silicon
substrate by the Langmuir-Schaefer (LS) method. This approach was even
enhanced by adjusting the size of the hydrophilic and hydrophobic groups of the
dendrimer units [152]. 10 and 11 are composed of a dendron with peripheral long
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Fig. 11 Scheme of fullerene containing compounds 10 and 11

alkyl chains and five Cg in the branching shell, which has been attached to a
Fréchet-type dendron functionalized with ethylene glycol chains (Fig. 11). Upon
closer inspection, the peripheral substitution of the globular dendrimer with hydro-
phobic chains, on one hemisphere, and hydrophilic groups, on the other hemi-
sphere, provides the perfect hydrophobic/hydrophilic balance allowing the
formation of stable Langmuir films.

On the one side, placing the five Cgq in the center of the dendritic structure
provides a compact insulating layer around the carbon spheres and, thus, preventing
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reversible 3D aggregation. On the other side, the polar head group leads to
attractive interactions with the subphase. This forces the molecules into a 2D
arrangement on the water surface. 10 and 11 were successfully transferred onto
quartz slides and silicon wafers with higher transfer ratios for 11 providing a
perfectly balanced hydrophilic/hydrophobic functionalization.

Another example reports on assembling three different amphiphilic Cgg
derivatives (12, 13, 14) in mono- and multilayers by means of LB method. Two
of the Cgp amphiphiles are mono-adducts possessing long alkyl chains terminated
with either carboxylate (12) or amine groups (13) as hydrophilic headgroups. 14
exhibits the same amine group as 13, but with 10 additional hydrophobic alkyl
chains attached to Cgg (Fig. 12).

In the case of the amine-terminated Cgy (13) as well as the carboxylate-
terminated Cgo (12) successful monolayer depositions were accomplished exclu-
sively in the upward direction transfer (Z-type), whereas 14 gave rise to high
transfer ratios in the down- and upward direction (Y-type). This observation is
explained by the implemented alkyl chains, which enhance the hydrophobic
interactions during the upward direction transfer in contrast to hydrophobic
interactions between pristine Cgp.

When turning to the role of Cgy in photoactive electron donor—acceptor
conjugates the photochemistry is mainly studied in solution. Specifically,
porphyrins and phthalocyanines have been widely studied as electron donors in
combination with Cg. To this end, charge and energy transfer events for electron
donor—acceptor systems in the solid state have rarely been explored. For the
investigation of photoinduced intra- and interlayer processes, molecular films
should be immobilized onto solid substrates by means of, for example, the LB
technique.

Notable success was made in preparing solid porphyrin/Cg films with electron
donor—acceptor conjugates [153]. In the case of such a covalently linked porphyrin/
Ceo system (15) (Fig. 13), the close proximity of the porphyrin and Cg, results in the
formation of emitting charge transfer (CT) states not being observable in the liquid
phase.
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The non-amphiphilic nature of 15 failed to yield stable structures on the water
surface. However, the film formation was accomplished by mixing 15 with suitable
matrix molecules, such as octadecylamin (ODA). It was possible to transfer the
layers from the water surface onto quartz substrates using the standard LB method
with transfer ratios close to unity. Importantly, multilayer deposition showed a
linear increase of absorption with the number of deposited layers.

By the same token, monomolecular LB films of a doubly linked porphyrin/Cgg
conjugate (16) (Fig. 14) with uniform electron donor—acceptor orientation have
been prepared [154]. Under light illumination the films perform vectorial charge
separation and can be used as, e.g., primary charge separating layers in solar cell
applications. In LB films, 16 are packed close to each other with distances
approaching van der Waals contacts. This enforces intermolecular interactions of
the photoexcited species.

4.1.2 Carbon Nanotubes

In recent years, CNT have attracted great attention due to their exceptional electri-
cal, mechanical, and thermal properties [155, 156]. Thin films of CNT are exploited
extensively in the fields of electron field emitters [157], quantum wires [158],
molecular filters [159], hydrogen storage [160], flat panel displays [161], and
field effect transistors [162].

The transfer of CNT films onto solid substrates is a challenging procedure, since
CNT exhibit rather moderate solubilities in organic and aqueous media without the
assistance of surfactants. Strong van der Waals interactions between individual
CNT, hydrophobicity, and low solubility at moderate concentrations hamper the
use of wet chemistry techniques in preparing uniform films. Therefore, diverse
modification processes — to improve the solubility of CNT in different solvents —
were probed to overcome the solubility problem [163-165]. This facilitates to
further manipulate or modify CNT for both, fundamental research and practical
applications. CNT are normally produced by the techniques of arc discharge [156],
chemical vapor deposition [166], high-pressure CO gas decomposition [167], or
laser ablation [168]. However, all of the aforementioned methods result in ran-
domly oriented nanotubes. This fact triggers the incentive in organizing CNT
building blocks into functional assemblies and, ultimately, into devices. To succeed
in aligning CNT together with an effective arrangement into patterns would
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Fig. 14 Scheme of double
linked porphyrin—fullerene
dyad (16)
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generate a tremendous impact to many fields of research. Reports on the growth of
aligned CNT via thermal chemical vapor deposition [169] are certainly a milestone
in this respect. However, this method is limited to certain substrates due to the
requirement of high temperatures during the growth process. Therefore, various
low-temperature techniques have been investigated. Hong et al. [170]
demonstrated, for example, the alignment of pre-grown single wall carbon
nanotubes (SWNT) onto chemically functionalized patterns on a surface (i.e.,
polar or non-polar groups). After immersing the substrate into SWNT suspensions,
SWNT are attracted towards the polar regions and form pre-designed structures in a
self-assembly process. Filter deposition from a suspension in strong magnetic fields
is another approach to prepare films of preferentially oriented CNT [171]. Further-
more, the evaporation of CNT Triton X suspensions also secures the preparation of
aligned thin films, although this technique is limited to colloidal dispersions and
short CNT [172]. Finally, mentionable approaches of CNT alignment have been
realized by electrophoresis [173, 174], electrospinning technique [175], and LB
deposition.

Among all these methods, the LB technique is a promising candidate for
organized and precisely aligned CNT assemblies. First of all, LB enables large
area coatings of highly ordered monolayers on the air/water interface, which are
easily transferred onto silicon and other substrates under mild temperature
conditions. Second, the compression process supports the fine control over inter-
molecular distances and final superstructures. Third, consecutive layer deposition is
feasible. Finally, in situ alignment is achieved by, for example, patterning and
chemical modification of the substrates.

In a first example, a quasi-LB method was applied for depositing thin uniform
CNT films onto alumina membranes [176]. The volume below the membrane is
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Fig. 15 Scheme of ODA
functionalized SWNT (17)

17

filled with a solvent (i.e., deionized water), which is immiscible with the solvent
utilized to disperse the bare CNT (i.e., 1,2 dichlorobenzene). As a matter of fact, the
CNT films float on top of an aqueous phase and are transferred uniformly onto any
kind of substrate by drawing it through the free liquid surface. This procedure
facilitates the deposition of uniform bare CNT films onto substrates, without,
however, providing the means of control over the alignment.

Due to the rather moderate solubility of CNT in most common solvents, it is
almost impossible to form LB films of pristine CNT. Even if CNT are suspended at
low concentrations, flocculation takes place once the local concentration
approaches the solubility limit. To overcome this problem, pre-modification of
the CNT is indispensable with, for example, surfactants [177]. LB monolayers,
consisting of SWNT homogeneously distributed in a matrix of amphiphilic
molecules, were deposited on a substrate with electron lithographically defined
electrode arrays by the Langmuir—Schaefer method.

In another approach, stable and robust vertically on mica substrates transferred
CNT films were obtained utilizing LB method. The SWNT rendered hydrophilic by
complexation with a quenched polyelectrolyte [178]. Atomic force microscopy
(AFM) images revealed a surface pressure-dependent morphology of these films
and aligned structures with a nematic-like order resulting in closely packed mono-
or multilayer films.

Following the strategy of functionalization, large arrays of well-aligned CNT on
glass, silicon, quartz, etc. have been successfully prepared by LB deposition of
chemically modified SWNT [179]. In particular, oxidized CNT were reacted with
thionyl chloride to introduce acyl chloride groups and then reacted with amphi-
philic ODA [163]. The ODA functionalized CNT (see 17 in Fig. 15) disclosed
substantial solubility in chloroform, CS,, and various aromatic solvents. With this
procedure in hands, mono- and multilayers of highly oriented CNT were obtained
utilizing the LB technique [180].

Successful alignment of CNT has been a considerable challenge, due to the high
aspect ratio and ready formation of aggregates. A straightforward method to
address this problem has emerged by nanoparticle modification. As-grown SWNT
were modified by sonication in a toluene-based solution of dodecanethiol stabilized
gold nanoparticles [181, 182]. Thereby, SWNT were covered with thiol-passivated
gold nanoparticles, supporting the separation of nanotube bundles. Following this
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DCC: N,N'-Dicyclohexylcarbodiimide

Fig. 16 Synthetic scheme for the introduction of crown ether groups (18) onto the surface of
oxidized MWNT (19) to yield functionalized MWNT (20)

procedure, highly anisotropic LB monolayers of SWNT were deposited with a
preferential orientation perpendicular to the compression direction. On the con-
trary, aligned multiwalled carbon nanotubes (MWNT) were realized by covalent
functionalization with 4'-aminobenzo-15-crown-5-ether (18) [183] (Fig. 16). To
introduce crown ether groups, MWNT were initially oxidized to introduce car-
boxylic functionalities (19), which are subsequently condensed with 18 by a
direct heating method. The amphiphilic crown ether functionalized MWNT (20)
showed good properties as LB film material. To be precise, 20 was successfully
transferred as monolayers onto several hydrophilic substrates, namely silicon,
glass, and ITO.

Likewise, oxidized MWNT (19) were reacted with S-(2-aminoethylthio)-2-
thiopyridine hydrochloride to form pyridine-dithiol-derivative-MWNT (21)
[184]. These pyridine-dithiol-derivative-MWNT LB films were then used as a
support to immobilize hydrogenase to form bionanocomposites of pyridine-
dithiol-derivative-MWNT-hydrogenase (22) (Fig. 17).

Despite recent progress in the oriented assembly of CNT via the LB technique, it
still turns out to be rather difficult to produce CNT films without altering their
electronic and chemical properties by extensive covalent modifications. Taken the
aforementioned into concert, an LB method utilizing a completely non-covalent
approach was developed [185]. This procedure involves both, a high density and a
high degree of alignment of SWNT. Herein, suspensions of SWNT in 1,2-
dichloroethane solutions of poly(m-phenylenevinylene co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV) (see 23 in Fig. 18) were prepared by sonication,
ultracentrifugation, and filtration. Strong t—n interactions between SWNT and
PmPV entail an enhanced solubility in organic solvents. Especially DCE emerged
as a suitable solvent in obtaining stable CNT suspensions after removing unbound
PmPV. PmPV-SWNT hybrids were spread onto the water surface to afford LB
monolayers of aligned SWNT with dense packing.
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Fig. 17 Schematic representation for preparation of pyridine-dithiol-derivative-MWNT-
hydrogenase bionanocomposites (22)

- c8H17

Fig. 18 Schematic representation of dimeric unit of a PmPV chain (23)
4.2 Layer-by-Layer Films

The mechanical failure of hybrid materials made from polymers and SWNT is
primarily attributed to poor matrix—SWNT connectivity and severe phase segrega-
tion. Both problems have been successfully mitigated when the SWNT composite
is made following the protocol of LbL assembly. This deposition technique
prevents phase segregation of the polymer/SWNT system, and after subsequent



Multilayer Assembly for Solar Energy Conversion 79

Fig. 19 Schematic representation of subsequent LbL assembly of 19 and 24 onto a solid substrate

cross-linking, the nanometer-scale uniform composite with SWNT loading as high
as 50 wt% can be obtained.

SWNT/polyelectrolyte composites have been successfully assembled onto glass
slides and silicon wafers by alternate dipping of a solid substrate into dispersions of
SWNT and polyelectrolyte solutions [186]. For this approach, carboxylic acid
group modified SWNT were prepared by acid treatment in order to introduce
negative charges. These negatively charged SWNT were deposited by LbL
technique with positively charged polyelectrolytes, such as branched
poly(ethyleneimine) (PEI). Owing to the rather moderate overall negative charge
on the SWNT, a layer of SWNT was replaced with a layer of poly(acrylic acid)
(PAA) after every fifth deposition cycle. After completing the LbL procedure, the
multilayer stacks with a cumulative structure of ((PEI/PAA) (PEI/SWNT)s)¢ and
((PEI/PAA) (PEI/SWNT)s)g containing 30 and 40 (PEI/SWNT) bilayers, respec-
tively, were lifted off the substrate to obtain uniform free-standing membranes that
can be handled as regular composites. Such films enable straightforward testing of
their mechanical properties.

A strategy for LbL assembling pristine MWNT multilayers onto ITO coated
glass substrates through non-covalent functionalization of MWNT implemented the
use of surfactants [187]. Here, sodium dodecyl sulfate (SDS) was utilized as a
surfactant, on the one hand, to increase the dispersability of MWNT in water and,
on the other hand, to implement negative charges. In this approach alternating
layers of PDDA and MWNT/SDS layers were transferred onto ITO.

In stark contrast, negatively and positively charged MWNT have been
functionalized with carboxylic acid groups (MWNT-COOH) (19), and with
amine groups (MWNT-NH,) (24), respectively [188]. Out of the stable suspensions
films with well-dispersed MWNT could be created (Fig. 19).
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In summary, the LbL approach enables the successful modification of solid-
condensed interfaces, including photoactive electrodes. Especially the strategy of
employing electron donor—acceptor assemblies with multiply charged
functionalities provides numerous advantages. Most importantly, the control over
both the layer sequence and composition of the sandwich-like structures can be
utilized for fine-tuning the electronic properties of the nanostructures. This method
constitutes a potent alternative to traditional thin film techniques in fabricating
photoactive molecular devices. Taken the aforementioned into account, the LbL
assembly of CNT and fullerene films is therefore mainly focused on their applica-
tion in photovoltaic devices, which will be discussed in the following section.

S Applications of Multilayer Assemblies in Photovoltaic
Devices

Carbon nanostructures represent a remarkable class of materials for applications in
photovoltaic. In principle, solar cells using carbon nanostructures are expected to be
cost-effective and simpler to manufacture when compared with those made out of
inorganic semiconductors [189-191]. To further develop carbon nanostructures for
solar cells it is imperative to optimize the individual steps as they relate to the
overall photovoltaic conversion. First, improving the solar light harvesting from the
electron donor and/or electron acceptor materials via exciton formation. Second,
facilitating the charge separation via exciton dissociation and charge transport
processes. Finally, reducing possible recombination events.

Since excitons have diffusion lengths of 7-20 nm, bulk-heterojunctions with
large electron donor—acceptor surfaces/unit volumes are expected to improve solar
cell efficiencies. Moreover, the construction of nanochannels for efficient electron
and hole transport in electron donor—acceptor multilayers is highly crucial to attain
efficient photocurrent generation. In fact, the importance of an interpenetrating,
bicontinuous electron- and hole-transporting network in the films of bulk-
heterojunction solar cells is well established [192—194].

LB and LbL assembly protocols offer means to order electron donor—acceptor
systems in different layers with specifically designed interlayer separations. Impor-
tantly, the latter are tunable at the angstrom level to enhance photoinduced charge
separation and minimize recombination losses. To this end, it may afford a way to
mimic the natural photosynthetic process with its high level of control over
intermolecular spacing, orientation, and local environments, resulting in a series
of sequential energy and electron transfer reactions. [195-197]

Currently, sizeable efforts are directed towards increasing power conversion
efficiencies while reducing the costs and increasing the device lifetimes to render
them economically viable. Please note that sometimes different photocurrent char-
acterization conditions (i.e., light power, intensities, and size of the cells) are used,
which hamper a meaningful comparison only to solar cell performances that stem
from the same laboratories.



Multilayer Assembly for Solar Energy Conversion 81

Fig. 20 Phytochlorin/Cgg
conjugate (25) and
poly(3-hexylthiophene) (26)

25 26

5.1 Langmuir-Blodgett and Langmuir-Schaefer Film-Based
Solar Cells

5.1.1 Fullerenes

The most studied organic material-based solar cells involve films of fullerenes
together with conjugated polymers [5, 198-200], small molecules like
phtalocyanines [201] or porphyrins [202-204]. In fact, the excellent properties of
fullerenes as electron acceptors have prompted to the constructing of fullerene-
based photoelectrochemical and photovoltaic devices. It is mainly the small reor-
ganization energy of fullerenes in electron transfer, which leads to remarkable
accelerations of charge separation as well as decelerations of charge recombination
[189, 190, 205, 206].

The LB [108, 207] and LS [100] deposition methods have been used to construct
highly ordered electron donor/fullerene heteromolecular multilayer films, needed to
guarantee a fast vectorial photoinduced electron transfer. As a first example, alternating
layers comprising a phytochlorin—Cg, conjugate (25) and poly(3-hexylthiophene) (26)
together with octadecylamine (ODA) as the matrix compound, anchored to ITO
support and covered by an evaporated Al electrode were reported (see Fig. 20). Layers
of 25 in the resulting ITO/ODA/25(26/25),,/ODA/ALI solar cell were found to act as a
secondary electron donor following the primary photoinduced electron transfer by
donating electrons to the phytochlorin cation [208].

An appealing variation involves an amphiphilic porphyrin/Cg, conjugate (27)
designed for Langmuir film formation and transferred onto ITO substrates by LS
monolayer deposition technique. An illustration is depicted in Fig. 21. Multilayers
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Fig. 21 Nickel porphyrin/ o
Ceo conjugate (27) CF,CO0™ ®

of 27 were transferred from the air/water interface to modified ITO electrodes and
probed in photocurrent experiments [209].

Utilizing a completely non-covalent strategy, LS thin films consisting of a Cgg
derivative as electron acceptor (28) and a novel water-soluble porphyrin (29) as
photoexcited electron donor were prepared by utilizing electrostatic interactions
(see Fig. 22). The resulting ITO/27/28/ascorbate/Pt photoelectrochemical cell
exhibited an increase in efficiency with increasing transfer pressure [210].

Following the same basic method (Fig. 23) — mixed composite thin films made
of Cgo derivatives (28 and 30) and a water-soluble porphyrin meso-tetra
(4-sulfonatophenyl) porphyrin (33) were constructed as integrative parts for
photoelectrochemical cells. Internal photon to current efficiency (IPCE) maxima
up to 0.29% were obtained for monostacks of 30/31 [211].

An intriguing concept involves a Cg( derivative that bears an imidazole ligand
(i.e., 2-(phenylimidazolyl)fulleropyrrolidine (32)) axially coordinated to a water-
soluble cationic zinc porphyrin (i.e., zinc tetrakis(N-methylpyridinium) porphyrin
tetrachloride (33)) assembled as sketched in Fig. 24. This method was successfully
applied to construct photoelectrochemical cells in combination with ascorbic acid
(AA) or dimethylviologen (MV?") as sacrificial electron donors in the form of ITO/
32/33/AA/Pt or ITO/32/33/MV>*/Pt, respectively. The two cells reveal different
I-V characteristics, namely photoanodic versus photocathodic behavior. Overall,
highly ordered film stacking favored a vectorial electron transfer that, in turn, gives
rise to a maximum IPCE value of 2.5% for a photoanode composed of
20 monolayered films [212].
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Fig. 22 Fulleropyrrolidine derivative (28) and a water-soluble porphyrin (29)
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Fig. 24 Zinc tetrakis(N-methylpyridinium)  porphyrin  tetrachloride  (33), and
2-(phenylimidazolyD)fulleropyrrolidine (34) that form an electron donor acceptor hybrid assembly

LB films consisting of Cgo (1) and 6-O-porphyrin-2,3-di-O-stearoylcellulose
(34) (Fig. 25) were fabricated using cellulose as a scaffold in the LB films for
anodic photocurrent generation systems. The photocurrent density generated from
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the 1/34 monolayer films exhibited an increase with increasing the 34 proportion
and reached a maximum at a mixing ratio of 1:2 [213].

Recently, more complex multifunctional LB film structures were constructed by
combining N,N'-bis(2,5-di-tert-butylphenyl)-3,4:9,10-perylenebis(dicarboximide)
(35) or 16,17-bis(octyloxy)anthra[9,1,2-cde-]benzo[rst]pentaphene-5,10-dione
(36) with poly(3-hexylthiophene) (26), porphyrin/Cg, conjugate (37), (38) and a
phthalocyanine (39). Here (Fig. 26), the best solar cell performances were obtained
for multifunctional films, where the efficient (26)/(36) heterojunction was com-
bined with the (39)/(37) system [214].

5.1.2 Carbon Nanotubes

A unique contribution reported on LB photoactive films based on CNT [200]. In
fact, Fig. 27 illustrates that SWNT were suspended with poly(2,5-dioctyloxy-1,4-
phenylene-alt-2,5-thienylene) (POPT) (40) and transferred onto ITO substrates by
means of the LB method. Highly organized bundles of SWNT originated. Several
photoelectrochemical cells were prepared using the LB film as photocathodes.
55 POPT/SWNT stacks provided the optimal thickness and Voc = 0.18 V, Isc
= 85.8 pA cm %, FF = 40.0%, and = 6.23 -10~> % (AM 1.5) were recorded.

5.2 Layer-by-Layer Film-Based Solar Cells

LbL is a simple and versatile method for preparing supported thin films [51, 52,
186, 215-217]. In this context, its potential for obtaining heterojunctions at the
monolayer level is very appealing. LbL features several important advantages over



Multilayer Assembly for Solar Energy Conversion 85

35

\  =O(CH,),0H

36 37 38 39

Fig. 26 N,N-bis(2,5-di-tert-butylphenyl)-3,4:9,10-perylenebis(dicarboximide) (35), (16,17-bis
(octyloxy)anthrax [9,1,2-cde] benzo[rst]pentaphene-5,10-dione (36), porphyrin/Cg, conjugate
(37), (38) and phthalocyanine (39)
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Fig. 27 Poly(2,5-dioctyloxy-1,4-phenylene-alt-2,5-thienylene) (40)

other techniques for preparing ordered multilayer thin films. In particular, the
assembly is based on spontaneous adsorptions, the substrate may have, in principle,
any size, shape, topography, or topology, surface functionality defects do not
propagate and no stoichiometric control is necessary. A further technological
advantage is the drastically reduced consumption of materials with respect to the
conventional spin coating deposition method [218].
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Fig. 28 Positively charged fulleropyrrolidinium ion (41) and ruthenium (II) polypyridyl/Cgq
conjugate (42)

5.2.1 Fullerenes

In pioneering experiments, LbL photoelectrodes of a positively charged fulleropyr-
rolidinium ion (41) and a positively charged ruthenium (II) polypyridyl/Ceo conju-
gate (42) on ITO/poly(diallyl dimethylammonium)/polystyrene sulfonate (ITO/
PDDA/PSS) — in combination with AA or MV?" as sacrificial electron donors
and acceptors — were studied (Fig. 28). Photocurrents increased with increasing
the number of bilayer stacks from 1 to 10, but the maximum reported IPCE at
10 bilayers did not exceed 1.1% with monochromatic light [34].

Solid state LbL solar cells were also constructed evaporating aluminum onto an
electrostatic assembly of polycationic (43) and polyanionic (44) Cg, derivatives
together with a positively charged water-soluble precursor of poly(p-phenylene
vinylene) (45), which, when heated, is converted into its conjugated form (46) (see
Fig. 29) [219-222].

A supramolecular system, which builds on both electrostatic and van der Waals
interactions, was also reported. Cgq (1)/free-base porphyrin (47) or zinc porphyrin
(48) bilayer were prepared by electrostatic alternate adsorptions (see Fig. 30). In
particular, the porphyrin is electrostatically assembled with a cationic homooxacalix
[3]larene (49) that encapsulates Cqo (1). This encapsulation prevents Cg, self-
aggregation resulting in enhanced layer interpenetration. This approach was
demonstrated to be beneficial in terms of optimizing photocurrent efficiencies [91].

Figure 31 summarizes follow-up work, in which a Cgo/ferrocene conjugate
bearing an androstane linker (50) was assembled in LbL films with PSS and evolved
into linear nanowire structures due to the rigidity of the all-o-bonded androstane linear
skeleton. These nanowires were tested as photoactive films onto ITO/PDDA/PSS and
result in photocurrent enhancement when compared to films lacking such nanowire
organization. The authors attributed the photocurrent enhancement to the linear
organization that facilitates the charge diffusion from the photoactive centers to the
electrodes [223].

Following a similar approach, monolayers of a tetraphenylporphyrin/Cg, conju-
gate (51) (Fig. 32) on PSS gave rise to IPCEs of 0.36% and 0.6% under anaerobic
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Fig. 29 Polyanionic (43), polycationic (44) Ce derivatives, poly(p-phenylene vinylene) precur-
sor (45), poly(p-phenylene vinylene) (46)
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Fig. 30 Cg, (1)/free-base porphyrin (47) or zinc porphyrin (48) bilayer assembled with a cationic
homooxacalix[3]arenes (49)

and aerobic conditions, respectively. The increase in photocurrent under aerobic
conditions was attributed to oxygen that assists in mediating the electron
transfer [224].

An appealing variation is illustrated in Fig. 33. It involves a molecular-level
switch that is built in a photoelectrochemical cell based on the polycationic redox
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51

Fig. 32 Tetraphenylporphyrin/Cg, conjugate (51)

protein cytochrome c electrostatically linked to a negatively charged dendritic Cg
(52) modified ITO/PDDA electrode [225].

A very effective strategy — en route towards enhancing solar light harvesting,
unidirectional funneling of solar light, charge separation, and electron and hole
transport in opposite directions — is shown in Fig. 34 and includes several energy/
redox gradients with increasing oxidation strength within a series of chromophores
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(fullerene dendron®~ 52/free-base porphyrin®* 53/Znporphyrin®~ 4/ferrocene™ 54).
An IPCE of 1.6% for the ITO/PDDA/52/53/4/54 photoelectrode was
obtained [226].

Finally, the most efficient LbL. C¢( devices are described. As a leading example,
a water-soluble Cgo derivative (5§5) as electron acceptor in combination with
thioglycolic acid stabilized CdTe nanoparticles (56) as photoexcited electron
donors (Fig. 35) led to promising LbL assembled photovoltaic thin films with
IPCE values of 5.4% for a five-stack device [227].

Another exciting combination includes multilayer films of poly(phenylene
ethynylene)-based anionic conjugated polyelectrolytes as electron donors and
water-soluble cationic Cg( derivatives as acceptors in a solid state device (see
Fig. 36). The maximum IPCE of the ITO/(58/59)50,LiF:Al photovoltaic cell was
5.5% [199].
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Fig. 35 Water-soluble Cg
derivative (55)/thioglycolic
acid stabilized CdTe
nanoparticle (56)
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5.2.2 Carbon Nanotubes

In most photoelectrochemical devices CNT are used as electron donors or
acceptors in a photoactive layer — depending on the redox properties of the
counterpart — even if the majority of these studies treat CNT as electron acceptors
[228, 229]. Ever since their pioneering work [230], many groups have exploited
CNT together with polythiophene derivatives in bulk heterojunction solar cells
[231-238]. However, the power conversion efficiencies of polymer/CNT solar
cells are with values of 0.2% [232] much lower than that of high-performance
bulk heterojunction solar cells (3—6%) containing a combination of n-conjugated
polymers and Cgq derivatives [194, 198, 239-242]. Despite the aforementioned,
owing to their unique structure, CNT are presaged as ideal materials for the
fabrication of lightweight, inexpensive, and flexible electronics. They possess in
fact remarkable physical and chemical features like wide absorption from the UV
to the NIR region matching the solar spectrum [243], high electrical [244] and
thermal conductivity [245], extremely high specific surface area (1500 m* g~ ")
[246], good thermal [247] and chemical [248] stability, ultrahigh strength and
stiffness [186], and light weight [249].

From the perspective of manipulating and processing CNT, their insolubility in
organic solvent and water imposes serious drawbacks. Up to today, the most
commonly used approaches involve extensive sonication and/or the use of
strongly oxidizing conditions, that is, nitric acid, sulfuric acid, and hydrogen
peroxide. The synergy of these drastic conditions assists not only in suspending/
dispersing CNT in a variety of solvents but also in destroying their electronic
structure [24, 248, 250, 251]. A supramolecular approach, based on adding
soluble conjugated polymers, shows remarkable progress towards debundling,
wrapping, and solubilizing CNT without, however, impacting their chemical and
electronic integrity [252, 253].
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Fig. 36 Water-soluble cationic Cgp derivative (57) and poly(phenylene ethynylene)-based anionic
conjugated polyelectrolytes (58) and (59)

Systematic and molecularly controlled organization of SWNT together with, for
example, electron donors onto electrodes necessitates the use of van der Waals and
electrostatic interactions [216, 254]. To realize SWNT-based photoelectrochemical
devices, PDDA and PSS were initially adsorbed onto ITO as base layers. Next, the
substrate was immersed into solutions of SWNT dispersed by pyrene derivatives
bearing ammonium groups (3). Finally, a negatively charged Zn porphyrin®~ (4)
was deposited to yield an LbL assembled film of ITO/PDDA/PSS/3/4. The
photoelectrochemical measurements revealed a promising maximum IPCE value
of 4.2%, which was much higher than the value (0.08%) of the ITO/PDDA/PSS/4
device without SWNT. These results suggested that the charge separation between
SWNT and photoexcited porphyrins promotes the photocurrent generation. The
ITO electrodes collect the electrons from the reduced SWNT via the base layer of
PDDA/PSS, and the sacrificial electron donor (i.e., AA) reduces the oxidized
porphyrins. Furthermore, repetitive deposition steps allow modification of the
base layer with multiply stacked (3/4),. The resulting absorption increased linearly
up to 10 stacks with maximum IPCE values reaching ca. 8.5% at an applied
potential of 0.2 V vs. SCE, which was two times higher than that of the device
with a single layer of 3/4 [216, 254].

Poly[(vinylbenzyl)trimethylammonium chloride] (see Fig. 37) was covalently
grafted and non-covalently wrapped around SWNT to form stable and positively
charged nanohybrids, (60) and (61), respectively. When combined electrostatically
with Zn porphyrin®~ (4) remarkable IPCE values of 3.81 and 9.9% for the 60/4 and



92 A. Troeger et al.

—| Cle

60 61
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Fig. 38 Negatively (62) and (63) and positively charged (64) polythiophene derivatives and
functionalized SWNT/pyrene-nanohybrids (65)

61/4 monostacks, respectively, were measured onto ITO/PDDA and an applied
potential of 0.5 V [255].

In addition, nanohybrid films of 3 and CdTe nanoparticles 56 were fabricated
through electrostatic interactions. IPCE values up to 2.3% have been noted [256].

Polythiophene carboxyl (62) and sulfonate (63) derivatives (see Fig. 38) were
also integrated together with functionalized SWNT/pyrene® nanohybrids (3) and
polythiophene ammonium derivatives (64) with functionalized SWNT/pyrene-
nanohybrids (65) into photoactive ITO electrodes by van der Waals and electro-
static interactions. In the device, polythiophene functions as the light-harvesting
chromophore that donates an electron to the electron-accepting SWNT by photoin-
duced electron transfer [257, 258].

The higher maximum IPCE value of 9.3% was achieved in the device with eight
stacks of 3/62.
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6 Summary and Outlook

In summary, we have demonstrated a variety of nanostructured multilayer
assemblies of organic compounds — in particular carbon-based materials — prepared
by means of LB and LbL techniques. Although these studies have demonstrated the
feasibility of charge separation, hopping, and power generation at the
nanocomposite polyelectrolyte assemblies, still low light conversion efficiencies
resulted. Controlling with further precision the film morphology is needed in order
to achieve favorable specific environments and gradients within the architectures
that result in efficient charge separation and enhanced transport through the func-
tional layers, thus minimizing carrier recombination losses and increasing the
efficiency of light conversion at such ensembles.

The LbL approach is universal and can be extended to combinations of SWNT
with various photoactive molecules.

Further improvement of the cell performances is expected from:

 elimination of metallic SWNT that causes short circuits in the device and facile
deactivation in the excited state,

» complete SWNT debundling, since aggregation promotes self-quenching and
energy transfer quenching of the excited states by metallic SWNT,

e complete removal of contamination of impurities including metal catalyst
particles and amorphous carbon as well as purification (sorting of SWNT with
different chiralities), in order to use SWNT having the best frontier orbital
energy offset with the co-deposited material.
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Self- or Induced Organization of
[60]Fullerene Hexakisadducts

Delphine Felder-Flesch

Abstract In the past few years, much attention has been devoted to the develop-
ment of Cgo multiadducts for high-added value materials. C¢ fullerene can be
considered as a versatile hard nanocore for globular systems due to its tuneable
valency (1 to 6 based on cyclopropanation derivatization) and regioselective
polyaddition. Therefore, hexakisadducts of Cgy are becoming an important class
of carbon-based macromolecules as they offer wider possibilities for structural
variations than any other organic (or inorganic) scaffolds. For example, several
types of molecular geometries can be designed and controlled, thanks to
regioselective functionalization methodologies. This in turn leads to new building
blocks for defined supramolecular organizations. In this review, an overview of the
relationships between molecular architecture and self- or induced organization of
Ceo hexakisadducts is provided. This includes a description of thin films, liquid-
crystalline mesophases, and nanospheres formed by such carbonaceous systems.

Keywords [60]Fullerene hexakisadducts - Buckysomes - Liquid crystals
Micelles - Thin films
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1 Introduction

Organic materials at the nanoscale have attracted broad attention in recent years. In the
field of Cgo materials science, studies deal with the self-organization of molecules
having characteristic ordered structures [1] since the development of functional devices
very often requires dedicated engineering of the molecules, i.e. functionalization of the
molecules for controlling their self-organization. The preparation of 2D and 3D
networks or discrete organizations is a major challenge. Still, controlling their structure
is possible upon playing on the multifunctionalization of Cgy [2—4; and references
therein]. Indeed, the control of the regioselectivity [5—9] for the hexaaddition on the
carbonaceous sphere allows a geometrical modulation around a unique nanometer-
sized scaffold.

In this chapter, the self- or induced organization of [60]fullerene hexakisadducts
obtained during recent years from various systems will be described and analyzed.

The next section describes the thin films elaboration at the air—water interface
and highlights the most suitable structural motif for the formation of a good quality
and stable film. Organized molecular thin film assemblies elicit an always renewed
interest as they allow the study of physical or chemical phenomena in a
two-dimensional space, which induces new phenomena or provides model
materials. Moreover, thin films often constitute an important stage of devices
downscaling processes, since many applications (in electronics, data storage and
processing, magnetism, optics, chemistry, etc.) result from the use of modified
surfaces or are elaborated on modified surfaces.

Then, examples of thermotropic liquid-crystalline supermolecules will be
detailed and the emphasis will be put on the relationships between molecular
architecture and supramolecular order.

Finally, arrangement through micelles, nanospheres, and other “buckysomes” will
be presented as a function of dendritic or linear hexakisadducts of various symmetries.

2 Thin Films as Induced Organization of [60]Fullerene
Hexakisadducts

The preparation, characterization, and functionalization of [60]fullerene thin films
such as self-assembled monolayers (SAMs) [10-16], self-organized bilayers
[17-21], or Langmuir-Blodgett (LB) films [22-27] are of great current interest
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from both fundamental and practical viewpoints mainly owing to their unique
electronic and/or structural characters. Not only the SAM approach achieved
through junction moieties such as organosilane [28], organosulfur [29, 30], or
carboxylic acid [31] but also the Langmuir technique allows the control over the
formation and the structure of the resulting film at the molecular level. In the latter
field, working at the air—water interface, various mono- [32-38] and bis- [39]
[60]fullerene derivatives have been studied in the past years and showed encouraging
results in terms of film quality and stability, roughness, reversibility, and transfer-
ability onto solid substrates. For example, F. Diederich and coworkers [40] or Imae
and coworkers [41] showed that fullerene monoadducts bearing dendritic branches
display good spreading characteristics and reversible compression/expansion
behavior has been described. Working on [60]fullerene bisadducts, Nierengarten
and coworkers have shown that encapsulation of the carbon sphere in a cyclic
addend surrounded by either long alkyl chains [42, 43] or cholesterol subunits [44]
is a method of choice for obtaining stable and reversible monomolecular thin films,
easily transferred onto solid substrates in order to prepare high quality LB
multilayers. Using an alternative approach to the previous studies, the same group
demonstrated that the fullerene can be attached into the branching shell of a
dendritic [45] or diblock dendritic [46, 47] structure. In this case, the Cgo units
are buried in the middle of the dendrimer which provides an insulating layer around
them, thus preventing the irreversible three-dimensional aggregation resulting from
fullerene—fullerene interactions (for example, see: [48, 49]). Finally, various studies
performed recently on [60]fullerene hexakisadducts showed that hexaaddition on
the carbon sphere provides not only an ideal structure to prevent aggregation
phenomenon but also an optimized hydrophilic—hydrophobic balance for preparing
well-ordered supramolecular assemblies at the air—water interface. In the following
sections, a review of the most recent and significant systems will now be presented.

2.1 [5:1] Hexakisadducts

2.1.1 Dendritic Structure
With Ester Link

In 2000, A. Hirsch and coworkers [50] studied the spreading behavior at the
air—water interface of dendritic hexakisadduct 1 possessing a dendrimeric hydro-
philic region connected via ester links to the fullerene cage, and ten long alkyl
chains forming the hydrophobic part. Monolayers of 1 were studied at different
lateral pressures by a combination of film balance techniques, neutron reflection
(NR), and infrared reflection—absorption spectroscopy (IRRAS).
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Hz5C1202C

The dendrimer-like hydrophilic part of 1 comprises 18 carboxyl groups which
release their protons under appropriate pH conditions. This allowed the variation of
the surface charge density of the monolayer and the electrostatic repulsion between
the molecules over a wide range. Pressure-area isotherms of 1 were recorded on
subphases with pH values equal to 2.1, 3.9, 7.0, and 12.1 (Fig. 1). From these
isotherms the increasing dominance of electrostatic repulsion with increasing pH
values became obvious. Indeed, for low pH values (2.1 and 3.9), the low-pressure
regime (7 < 5 mN m ') at a molecular area beyond 350 A? was characterized by a
pressure-area behavior typical for a lipid monolayer in the gas phase. For areas
equal to or below 350 A? the slope of the isotherm changed rather abruptly,
indicating a diminished compressibility of the layer.

Monolayers of 1 could be compressed and expanded without significant hyster-
esis and the alkyl chains remained fluid at all pressures. By a titration series, the pg,
value of a monolayer was determined as 7.5 and pH-dependent measurements
allowed a variation of the negative 1 headgroup charge by about 18 charges
(Fig. 1). The steep increase of 7 from 6.0 mN m ™" at pH 6.0 to 37 mN m ' at pH 9
was clearly a result of increasing electrostatic repulsion upon deprotonation of the
carboxyl groups. The molecular area at 35 mN m ™' and pH < 6 was 247 + 3 A%,
Because there are ten C-12-chains attached to the fullerene cage, the area per C-12
chain at this pressure was still well above the lower packing limit of alkyl chains
(>20 A?). Hence, no squeeze-out of molecules can be expected at this pressure.
This is consistent with the fact that the authors did not observe significant hysteresis
upon multiple cycles of compression and expansion.

The properties of the monolayers of 1 may be useful in the design of dedicated
biomimetic surfaces as negatively charged monolayers showed a strong coupling of
the water-soluble protein cytochrome ¢ from the subphase, leading to the formation
of a 30 A thick protein layer underneath the layer.
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Fig. 1 Left: Pressure-area isotherms of monolayers of 1 at T = 20°C at different pH values. Right:
Titration isotherm of a monolayer of 1. The solid lines represent the number of negative charges n
as calculated by equation 71 = R, /(1+10PKaP)

With Amide Link

In 2005, the same group, in collaboration with J.-L. Gallani and coworkers [51]
reported the formation of highly stable Langmuir—Blodgett (LB) organic steps made
with a dendritic hexakisadduct 2, differing from 1 by the amide links connected to the
cyclopropane ring. This amphiphile formed stable and good quality films with a very
low roughness. The stability of the films stemmed, among others, from the spheroid
shape of the constituent dendritic molecules. This architecture makes it very difficult
for the molecules to destroy the layers upon rearranging, as compared to more
traditional amphiphiles with their cylindrical or conical shape (fatty acids).
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Fig. 2 Left: UV—vis absorption spectra of LB films of 2 having 1, 2, 6, 16, and 44 layers on each
side of the fused silica plate. Inset is a plot of the absorption at 273 nm versus the number of layers
on each side of the silica plate. Right: X-ray reflectivity of LB films. The main graph is the
spectrum of a 10-layer-thick LB film (/inear curve) together with the best fit (dotted curve). Inset is
the spectrum of a 30-layer-thick LB film taken immediately after deposition and the spectrum of
the same film after 12 months of storage

Compound 2 was transferred very nicely onto hydrophobic substrates as up to
250 layers have been easily deposited on silicon or silica plates coated with silane,
at a pressure of 40 mN m ', As the transfer ratio was 1 at least for the 50 first layers,
the amount of deposited material grew in a linear fashion with the UV—vis absor-
bance, as shown in Fig. 2. The grazing incidence X-ray reflectivity graph of a
10-layer-thick LB film proved not only the high quality of such multilayer but also
the electronic density and roughness of the layers deposited during the up- and
downstroke motions were different. Nevertheless, the thickness of each sublayer
stayed constant and on average 28.2 £ 0.6 A thick. The inset in Fig. 2 compares
two spectra recorded on the same LB film, immediately after deposition and after
12 months storage (on a shelf, at room temperature) and clearly shows an excellent
stability in time. As assumed by the authors, such stability could essentially be the
consequence of the spheroid shape of the molecules, the formation of a hydrogen-
bonding network between the hydrophilic heads of adjacent layers (observation of
a band at 3,340 cm ™' in the IR spectrum of a multilayer LB film) and the possi-
bility of dipole—dipole interactions between the carbonyl groups at the substitution
site on Cg.

In the second part of the article, the authors investigated the potential use of 2 as
a thickness gauge for atomic force microscopy (AFM) or light microscopy studies
as the intrinsic stability of the films makes them suited for such an application. The
layers are flat to within a few angstroms, and their thickness is constant and has the
right order of magnitude. AFM studies have been conducted on multilayer samples
and showed the presence of very flat steps (with an average edge thickness of 60 A),
with each one actually corresponding to a bilayer (Fig. 3). This makes each
monolayer 30 A thick, a value in excellent agreement with the experimental
value of 28.2 A obtained by X-ray diffraction analysis.



Self- or Induced Organization of [60]Fullerene Hexakisadducts 107

Fig.3 Left: AFM image of a multilayered LB film of 2 with the Sarfus microscopy technique. The
edge of the bilayers is clearly seen. Right: Three-dimensional rendering of the microscopic
observation

2.1.2 Linear Structure

In 2005, the spreading behavior of linear monoadduct 3 and its hexakisadduct
counterpart 4 was reported by H.-L. Wang and coworkers [52].

Both these amphiphiles formed stable, ordered monolayers at the air—water
interface. The molecular packing and the mean area per molecule were similar to
expected values assuming tight hexagonal packing. Hysteresis of pressure
isotherms of 4 (Fig. 4) showed complete reversibility upon compression and
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Fig. 4 (A) Pressure-area isotherm of /eft amine-terminated monoadduct 3, right hexakisadduct 4.
(B) Three successive compression and recompression cycles with 3 (left) and 4 (right)

decompression, which suggested that the side chains on the Cg sphere are sufficient
to prevent intimate contacts between the Cg( spheres, thus inhibiting formation of
aggregates at the interface.

If monolayers of monoadduct 3 were successfully transferred onto quartz
substrates as Z-type multilayered Langmuir-Blodgett films, monolayers of
hexakisadduct 4 were transferred as Y-type. In fact, detailed characterization of
the multilayer films (Z-type deposition) prepared from amine-terminated 3 using
X-ray and neutron reflectometry revealed staggering of C¢, spheres and a head-to-
head (Y-type) structure presumably due to flipping and reattaching of Cgg
amphiphiles to the previous underlying Cg layer.

2.1.3 Steroid-Based

Steroids (e.g., cholesterol), on account of their wide natural occurrence, particularly
in mammalian tissue, broad biological activity profile, ability to penetrate the cell
membrane and bind to specific hormonal receptors, have found favor as building
platforms for a variety of bioactive molecules. Therefore, coupling a fullerene with
a steroid moiety can potentially produce a compound with good biocompatibility
and enhanced therapeutic activity [53].

In 2005, D. Felder-Flesch and coworkers studied the LB film formation of
amphiphilic hexakisadduct 5 bearing ten hydrophobic cholesterol units and a
polar head group made of two carboxylic acid groups. It was expected that the
derivatization with cholesterol units will enhance and favor the interaction of § with
cells membrane. The liquid-expanded behavior observed between molecular areas
of 600 and 350 A2 was indicative of long-range intermolecular interactions in the
film. The final molecular area extrapolated to zero surface pressure was
370 + 10 A2, a value corroborated by layer thickness measurements and molecular
modeling, clearly proving that a monomolecular film was obtained.
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Brewster angle microscopy (BAM) pictures taken at the end of the compression
showed a high quality homogeneous film, without defects or aggregates. More
evidence of the film cohesion was confirmed by the hysteresis curve which showed
a good reversibility of the isotherm as long as the pressure was kept below the
collapse pressure of ~50 mN m™".

It has been possible to transfer the Langmuir film of § onto hydrophilic quartz
slides and prepare multilayer LB films. As already observed for fatty acids, the
films quality improved much when cadmium acetate was dissolved in the subphase
(2.0 mmol). The average deposition ratio was 0.8 £ 0.1, decreasing slowly from
first layers to ca. 0.5 for the 60th layer. A transfer ratio <1 implies either a
reorganization of the molecules during transfer or the presence of defects. Since
the X-ray analysis of the LB films revealed that the layers had a density lower than
expected, the transfer ratio smaller than one therefore indicates that defects (voids)
were present in the LB films. The roughness of the layers was also rather high. Still,
given the size and structure of the molecule, the multilayers had a reasonably good
quality.
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Fig. 5 X-ray scattering pattern of an 11-layer LB film of 5§ and its best fit. /nset gives the
electronic density of the repeat unit and a crude sketch of the molecular packing. The large circles
are the Cg, the sticks are the cholesterol units, and the lines are the alkyl chains. In the middle
layer, the lines, circles, and boomerangs, respectively, stand for the carboxylic groups, Cd>* ions
and water molecules

The grazing incidence X-ray scattering pattern of an 11-layer LB film of § is
given in Fig. 5, together with the best fit. Inset in Fig. 5 also gives the electron
density profile of the repeat unit of the LB film showing that it was not symmetric,
thus meaning that the molecular packing was not the same in the up-stroke and
down-stroke layers. The authors did not suggest any explanation for that, but
pointed out that such a fact is consistent with the observation of a transfer ratio <1.

A bilayer thickness of 56 A was obtained from X-ray scattering measurements.
This was in agreement with the results of molecular modeling studies (Fig. 6) which
gave a thickness of ca. 59 A for the bilayer of 5.

2.2 [3:3] Hexakisadducts

Hirsch and Felder-Flesch have recently conducted a systematic study on the
spreading behavior at the air—water interface of a series of [3:3] [60]fullerene
hexakisadducts (6 to 12) as a function of the chemical design and hydrophobic—
hydrophilic balance [54]. For this purpose, various structural parameters have been
taken into account (Fig. 7), such as the nature, anionic for 7 and 12 or cationic for
6,8,9, 10, and 11, and the size of the polar headgroup (—(CO,H); for 12 compared
to —(CO,H)g for 7); the nature of the chemical linker: amide for 6, 7, 8, and 9 or
ester for 10, 11, and 12; the nature and/or the length of the spacer: hydrophobic
chain (6, 7, 10, and 12) or short (8) or long (9) hydrophilic chain or mixed alkyl-
polyethyleneglycol chain (11).
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6 R= %—(CH,)gNH;* 8 R= %—(CH,CH,0),CH-CH,NH,*
7 R= %—(CH,)sCO,H 9 R= %—(CH,CH,0);CH,CH,NH;’

10 R= z_(CHz)eNHi‘-
11 R= %—(CH,);4CONH(CH,CH;0),CH,CH,NH,*
12 R= %—(CH,);CONHC[(CH,),CO,Hls

It has been possible to record an isotherm for all of the compounds. Isotherms of
6 on pure water (pH 6.5) showed poor reproducibility, a rather small final molecular
area, ca. 130 A2 — still not unrealistic — and a rather low collapse pressure,
ca. 5 mN m~'. These observations were clearly consistent with the fact that the
compound is essentially hydrophilic. Nevertheless, going to higher pH (10) for the
subphase using potassium hydroxide yielded better results in terms of reproducibil-
ity, and collapse pressure reached 20 mN m ™"

Comparison between the pressure-area isotherms of 8 and 6 revealed that going
from an aliphatic to a hydrophilic spacer has a dramatic effect on the capacity of the
compound to form a film on the water subphase. Indeed, 8 hardly formed a film and
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Fig. 6 Bilayer of steroid-based hexakisadduct 5 obtained by molecular modeling
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Fig. 7 Comparison points allowing the systematic study

no significant surface pressure (T;,,x 2—3 mN mfl) was observed at pH 10. Thus,
it becomes obvious that 9, having an even longer hydrophilic spacer, was unable to
form a stable and high quality film on water (T,,x 2-3 mN m_l). Pursuing the
discussion on the derivatives for which the hydrophobic/hydrophilic balance leans
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clearly towards hydrosolubility, it was pointed out that 12, possessing a short
aliphatic spacer and eighteen carboxylate polar heads, displayed a spreading
behavior quite different than that of 6 (long aliphatic spacer, six amine polar
heads) and 8 or 9 (hydrophilic spacer, six amine polar heads): indeed, the surface
pressure reached negative values which is an indication that molecules dissolved
into the water upon compression.

On pure water subphase 10 formed a film (Fig. 8) but with a rather low collapse
pressure, ca. Tmax 6 mN m~'. Going to higher pH yielded better results in terms of
reproducibility and also gave a larger final molecular area of 190 A% and a quite
satisfactory collapse pressure of 40-45 mN m™'. In addition, collapse pressure
varied almost linearly with the pH of the subphase (inset, Fig. 8).

Considering the film cohesion, BAM study showed that 10 did not form islands
on the water subphase but arranged immediately after deposition into a homoge-
neous film. Moreover, the film seemed rigid and its formation was irreversible since
nothing changed under the microscope immediately after decompression (Fig. 9):
BAM images did not change while barriers were totally pushed away and after a
few minutes (ca. 10 min), images evolved showing films with solid-type fractures
and fragments floating on the water surface.

The authors focussed then their attention on the comparison between 6 and 10.
These two derivatives both possess six ammonium polar heads together with
aliphatic spacers and differ from each other only by the nature of the chemical
linker directly connected to the cyclopropane ring. However, this simple change
strongly influenced the stability of the monomolecular film (Fig. 10). In fact, the
maximum surface pressure (m,,x) went from 20 mN m~ ! for 6 bearing amide
connections to 45 mN m~" for 10 with ester linkers. In order to clarify such a
phenomenon, A. Hirsch and coworkers proposed a model based on intra- or
intermolecular hydrogen bonds (Fig. 11).
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Fig. 9 Scheme describing
the rigidity of a monolayer of
10 together with BAM
pictures showing solid-type
fractures. Pictures collected
at 20°C, pH 10, barrier
speed: 10 mm min ! barrier barrier

T =10 min A
water water

Fig. 10 Isotherms of 6, 7,
and 10 recorded at pH 10 60
(6 and 10) or pH 2 (7)
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As the slope of a compression isotherm is a measure of the film compressibility,
a steeper slope meaning a larger rigidity, it becomes clear that films of 10 are more
rigid than those of 6. This implies a stronger cohesion between the molecules which
could be ascribed to the formation of an H-bond network between through
interactions between the amine polar heads of a molecule and the ester linker of
its neighbor. Such interconnections are less likely for 6 as a consequence of the
nature of its head and linker, the cohesion of the film is consequently lower and
collapse pressure becomes weaker (Fig. 12).

Comparison between 10 and 7 showed that the nature of the polar head had a
very pronounced influence on the properties of the film. For instance, in the case of
amide as the linker, going from six ammonium to six carboxylic acid polar heads
almost doubled the maximum surface pressure sustained by the monolayer which
reached values of 40-45 mN m'. It appeared then that the couple acid polar
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Fig. 11 Proposed intermolecular H-bonding possibilities for 6 (unfavorable), 7 and 10 explaining
films cohesion and/or rigidity

Fig. 12 Molecular modeling studies showing that those intermolecular interactions are possible

head/amide connection is a second means for optimal chemical design. Again, such
an observation could be supported by the H-bonding model previously proposed:
indeed, the chemical design of 7 allows intermolecular interactions between the
carboxylic acid (pH 2) of a molecule and the amide linker of a close neighbor. A
thorough study of the spreading behavior of 7 highlighted a good reproducibility at
highly acidic pH as well as a linear correlation between the pH and the maximum
collapse pressure, the latter increasing to reach 35 mN m ™' at pH 1.7 (Fig. 13). In
that, 7 is the strict opposite of 10 which is only logical when going from amine to
acid polar heads.
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On the opposite of 10, isotherms of 7 showed temperature dependence, in the
form of a fall of the maximum surface pressure withstood by the film when the
temperature of the water subphase increased (Fig. 13).

Lastly, another difference between 7 and 10 came from the BAM observations
(Fig. 14) showing many white spots corresponding to small islands of compound
appearing once 7 was spread on the water. Their number decreased upon compres-
sion while their size increased. A transition seemed to occur around 230 A% and a
homogeneous film appeared around 170 A2,

Finally, 11 also formed a thin film on water, the isotherm of which showed a
plateau probably attributed to a first order transition. In terms of collapse pressure,
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Fig. 14 BAM pictures of 7 for different molecular areas

Table 1 Parameters of the thin films isotherms as a function of the chemical structure of Hexakis
6to12

Nature and Nature of the ~ Nature of Collapse
number of polar chemical the pressure
Compound head linker® spacer” pH x.° Comments
6 —(NH3)" Amide Alkyl 10 20 ReproducibleCl
7 —(CO,H)g Amide Alkyl 2 35 Reproducibled
8 —(NH3)*6 Amide POE short — — Hardly forms a film
on a water
surface
9 —(NH3)%6 Amide POE long - - Hardly forms a film
on a water
surface
10 —(NH3)%6 Ester Alkyl 10 40 Reproducibled
11 —(NH3)*6 Ester Alkyl 10 20 Poorly
+POE reproducibleCl
12 —(CO,H) 5 Ester Alkyl - - Polar head too
large

#Chemical group directly connected to the cyclopropane ring
"Bridge between the cyclopropane ring and the polar head
°In mN m ™~

9Recorded at 20°C

best results were observed at 15°C but with poor reproducibility. Moreover, films
were unstable, the surface pressure decreasing as soon as the compression was
stopped, which is indicative of molecules dissolving into the water.

In conclusion, by changing both the nature and the size of the polar headgroups,
by varying the nature of the chemical linker and/or spacer, by modifying the nature
and/or the length of the spacer, the authors were able to highlight various behaviors
and conclude that the optimal chemical design for this type of amphiphilic
supermolecules is reached with the combination of ammonium polar head/ester
linker (10) or carboxylic acid polar head/amide linker (7), as the possible formation
of intermolecular H-bonds greatly enhances the film cohesion and/or rigidity. Thus,
the authors have been able to establish a new relationship between the chemical
design of these hexakisadducts (mainly control of the hydrophilic/hydrophobic
balance) and their ability to form a monolayer of the Langmuir type (Table 1).
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3 Thermotropic Liquid-Crystalline Hexakisadducts

Among all the possible molecular organizations, thermotropic liquid crystals play an
important role in our everyday life. In fact, they are mainly used in watches,
computers, or mobile phone screens [55]. Combining an aesthetic structure with
interesting electronic properties [56; and references therein], Cq( is a candidate of
choice for the development of new materials [57-61] and ordered structures
[2—4]. Indeed, the highly symmetric [60]fullerene represents a particularly versatile
scaffold for the regioselective covalent assembly of a variety of regular three dimen-
sionally structured molecules, some of which may widen the existing library of
programmed molecular components for the construction of useful ordered materials.
However, the development of functional devices very often requires dedicated molec-
ular engineering, that is, functionalization of the molecules for controlling their
organization. Combining Cgo with a mesogenic entity leads to study the influence of
a precise orientation of the mesogens obtained through regioselective grafting on the
nanosphere on the physical properties of the chromophore and also to correlate the
observed mesomorphic properties with the degree of addition on the carbon poly-
hedron. Nevertheless, the latter displaying no intrinsic mesomorphic behavior, the
preparation of fullerene-based liquid—crystals proved to be difficult to achieve.

There are two main approaches to design fullerene-containing liquid crystals: cova-
lent and non-covalent modifications. Two examples of the non-covalent approach are
based on the formation of inclusion complexes in which Cgy either resides within cavities
of host molecules such as dendritic porphyrins [62], cyclotriveratrylene [63], or is linked
to hexaphenyltriphenylene forming a 1:1 mixture with hexakis(4-nonylphenyl)-
dipyrazino[2,3-f:2,3’-h]quinoxalene [64]. Within the covalent approach a number of
different mesogenic units have been introduced to obtain a variety of fullerene-
containing thermotropic liquid-crystalline materials (methanofullerene LC derivatives:
[65-67]; fulleropyrrolidines LC derivatives: [68—71]). For such systems the main crite-
rion for LC phase induction is the adequacy of the fullerene and mesogenic side groups
cross sections. In addition, small anisotropic units are often insufficient as interactions are
too weak to generate mesomorphism [72]. Examples of Cg derivatives possessing a high
LC character (bearing more than two anisotropic moieties per Cg via polyaddition [73]
or dendritic approach [74—77]) showed either a transient nematic [78], a chiral nematic
[79], or a smectic A phase [80, 81]. In these cases, the properties of the materials were
mostly dominated by the anisotropic moieties, due to dilution of the Cgy moiety. In
another approach, Cg is placed at the apex of cone-shaped molecules, forming a new
type of mesomorphic compound which self-assembles into thermo- and lyotropic
columnar liquid-crystalline mesostructures [82-84].

The first mesomorphic methano[60]fullerene monoadduct was synthesized in 1996
by R. Deschenaux and coworkers [65]. Comprising two mesogenic cholesterol units, it
developed a smectic A phase from 146°C to 190°C. In this seminal work, several
structural conditions were applied in order to obtain a mesomorphic derivative of Cgy.
The carbon sphere being a priori incompatible with liquid-crystalline phase formation,
it was necessary to incorporate a strong promoter of liquid-crystalline phases. Another
condition was to decouple the two mesogenic units from the bulky Cg so that they
could interact freely with those of a neighboring molecule.
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Thereafter, the same group disclosed an important structure—mesomorphic activ-
ity relationship for new methanofullerene monoadducts substituted by or integrated
in a dendritic structure [74, 75]. In this case, the studies showed the loss of the
destructive influence of the carbon sphere on the thermal and liquid-crystalline
properties. Indeed, due to the obstruction it generates, the dendritic structure
thwarts the unfavorable interactions between Cgq units, so does the polyfunctiona-
lization which will be reviewed in the following sections.

3.1 Enantiotropic Smectic A Phase

With the aim to exploit the capacity of Ce( to provide new macromolecules with novel
properties, T. Chuard and coworkers [81] studied in 1999 the influence of the degree
of substitution of the sphere on the liquid-crystalline properties of the compounds.
Thus, methanofullerene monoadduct 14 and its hexakisadduct counterpart 15 were
synthesized and studied. While the precursory malonate exhibited a monotropic
nematic phase from 57°C to 87°C, the monoadduct did not display any mesomorphic
behavior. Since the grafting of Cg led to the loss of the mesogenic properties brought
by the promoter, it was concluded that the bulky spherical carbon moiety strongly
disturbs the organization. But in the same example, the authors showed that
polyaddition is a good alternative in the design of Cgp-containing liquid crystals;
indeed, the hexakisadduct counterpart formed a smectic A phase from 80°C to 133°C.
Allowing the assembly of many mesomorphic units around Cg, polyaddition seemed
thus adequate to achieve the preparation of thermotropic [60]fullerene-based liquid
crystals even starting from weak mesogenic promoters.
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Fig. 15 Synthesis of [6:0]
steroid-based hexakisadduct Oc~~~0H 16
18. (i) Malonyl dichloride,
DMAP, pyridine, CH,Cl,,

Ar, 1. t., 39%; (ii) a: CBry, l

i
DBU, toluene, Ar,r.t., 1 h, b: o
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A few years later, two novel cholesterol-based [60]fullerene hexakisadducts 18
(Fig. 15) and 21 (Fig. 16) bearing, respectively, 12 and 10 mesogenic cholesterol
moieties were prepared with, respectively, 13% and 21% yield by D. Felder-Flesch
and coworkers [80]. Unlike the first example described above, both hexakisadducts
displayed a SmA phase over a very broad temperature interval, i.e. from slightly
above room temperature up to 165°C for 18 and 180°C for 21. This behavior is quite
different from that of the precursory malonate 17 which displayed two monotropic
unidentified phases at 41°C and 67°C and a chiral nematic phase between 67°C and
88°C (Table 2). An increase of the mesophase stability of about 100°C as well as a
near room temperature mesomorphism was thus obtained through Cgq grafting. The
design consisting of the polyaddition of cholesterol moieties on the carbon
truncated icosahedron used as a spherical template to create new 3D architectures
appeared again to be a method of choice to obtain stable anisotropic materials and
to prevent the Cgo aggregation tendency.

As deduced by X-ray diffraction studies (Fig. 17), and supported by molecular
modeling calculations (Fig. 18), the two macromolecules 18 and 21 self-organized
into bilayer structures which consist of a median C60-rich slab, sandwiched
between cholesteryl-containing outer layers.

Such results suggested the possible positive influence of the carbon sphere on the
mesomorphic behavior of the material and revealed an interesting use of the carbon
polyhedron as a template through hexaaddition in the preparation of new LC
compounds.
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Fig. 16 Synthesis of steroid-based [5:1] [60]fullerene hexakisadduct 21 involving 10 cholesterol
units. (i) Malonyl dichloride, DMAP, pyridine, CH,Cl,, Ar, r. t., 38%; (ii) C¢o, DBU, I, toluene,
Ar, 1. t., 53% (iii) a: 17, DMA, toluene, Ar,r. t., 2 h, b: CBry, DBU, 1. t., 21%

More recently, R. Deschenaux and collaborators [85] synthesized a mixed [5:1]
hexakisadduct as the addition of two mesogens (or more in case of other addition
patterns) onto Cg, could be an elegant means for the design of fullerene-containing
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liquid crystals with tailored properties. In that first example, they selected
cyanobiphenyl and octyloxybiphenyl derivatives as mesomorphic promoters to
prepare hexakisadduct 22. In differential scanning calorimetry (DSC), a reversible
endotherm was detected at 151°C and the formation of a liquid-crystalline phase
between ca. 80°C and 151°C was observed by POM. Slow cooling of the sample
from the isotropic fluid revealed the formation of a smectic A phase with typical
focal-conic and homeotropic textures (Fig. 19). The fact that no melting point was
detected by DSC was, most likely, a consequence of the amorphous character of 22
in the solid state.

Such result emphasized that assembling six malonate derivatives with two
different mesogens in a 5:1 ratio around a focal point provides the required
structural anisotropy and intermolecular interactions for mesomorphism to occur.
In such a system, the mesogenic units formed a cylinder-like structure, the self-
assembly of which gave rise to lamellar organization (Fig. 19). Interestingly,
whereas the malonate derivatives gave rise to monotropic mesophases, 22 showed
enantiotropic mesomorphism.

22 Ry= ; O
Ry = %70 OZSH”

As shown by these seminal examples, polyadditon of mesomorphic units around
the hard carbon nanocore is a method of choice for the elaboration of thermotropic
derivatives displaying polypedic structures with controlled and tunable symmetries.
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Table 2 Phase transition temperatures and enthalpy changes of malonate 17, hexakisadducts
18 and 21

Compound T, (°C) Transition T (°C)? AH (kJ mol ™)
17 -12 Ml — M2 41 0.05
M2 — N* 67 0.5
N* — | 88 1.3
18 45 SmA — 1 165 15.6
21 40 SmA — I 180 13.2

T, glass transition temperature, M/, M2 unidentified semicrystalline phases, N* chiral nematic
phase, SmA smectic A phase, [ isotropic liquid
“Temperatures are given as onset of the peaks obtained during the second heating

Fig. 17 Representative 160000 d
X-ray diffraction pattern oot
obtained for 18 at 80°C
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3.2 Nematic Phase

The design and selection of the molecular building blocks to reach nematic
orderings close to or just above room temperature is challenging as shown in the
literature reporting systems containing multivalent cores ranging from soft and
flexible such as carbosilazane [86—88], siloxane [89-92], and silsesquioxane
[93-98], to hard such as gold nanoparticles [99-109]. These systems are
technologically relevant too, as the nematic phase allows often the control of the
macroscopic alignment in thin films, important for potential technological
applications.

3.2.1 Transient Phase

In 2000, F. Diederich and collaborators reported the first contribution to less
ordered self-organizations of [60]fullerene hexakisadducts [78]. Their work,
based on the study of mono-, di-, and hexakisadducts in the presence of a variable
number of mesogenic 4-cyano-4'-oxybiphenyl units, highlighted the importance of
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Fig. 18 Top view of the short-range hexagonal lattice obtained for 18 by molecular modeling

Fig. 19 Left: Thermal polarized optical micrograph of the focal-conic fan texture displayed by 22
in the smectic A phase upon cooling the sample from the isotropic liquid to a temperature of
151°C. Right: Proposed model for the supramolecular organization of X within the smectic A
phase

the balance between the number of these units compared to the number of carbon
spheres for the preservation of the mesomorphic properties of Cgo-based materials.
Indeed, while mesogenic malonate precursor showed a monotropic liquid-crystalline
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behavior on cooling, exhibiting a nematic phase between 80°C and 58°C, the
fullerene monoadduct 23 and hexakisadduct 24 exhibited markedly different
phase behaviors. Monoadduct 23 showed only a glass transition temperature at
T, = 50°C, samples of hexakisadduct 24 obtained by very slow crystallization
from a CH,Cly/hexane mixture gave a nematic mesophase between 85°C and
157°C on first heating. This feature disappeared after isotropisation resulting in a
completely amorphous material with a T, = 107°C; no mesogenic behavior could
be recovered.

24

As a consequence of the poorer ordering within the mesophases, the tendency to
increase the amorphous character on linking the sphere to liquid-crystalline
precursors was here again highlighted.

3.2.2 Chiral

In 2006, R. Deschenaux, J. Goodby, and coworkers reported the synthesis (Fig. 20),
in 1.4% yield, and the study of an optically active liquid-crystalline hexakisadduct
displaying supramolecular helical organization [110].

Malonate 25 exhibited a chiral nematic phase identified by the formation of
small focal-conic domains, while monoadduct 26 was found to be
non-mesomorphic with only one glass transition observed upon cooling. On the
opposite, on slow cooling from the isotropic liquid, hexakisadduct 27 displayed a
highly birefringent texture but without characteristic defects. However, after 24 h
annealing just below the clearing point, large areas evolved to show the Grandjean
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Fig. 20 Synthesis of chiral mono- and hexakisadducts. (i) C60, 12, DBU, toluene, rt, 64%;
(if) C60, 9,10-dimethylanthracene, toluene, rt, and then 25, CBr4, DBU, rt, 1.4%

Fig. 21 Textures and supramolecular organization of 27 within the chiral nematic phase

plane texture and, where the sample was not in contact with the coverslip, pseudo-
focal conics appeared (Fig. 21). In the Grandjean plane texture the sample was
clearly helical, showing a left-handed helix from which the authors concluded that
27 exhibited a chiral nematic phase.
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Thus, hexaaddition allowed Cgq to be hidden in the mesogenic cloud, which did
not alter the supramolecular organization encoded in the mesogens, but instead help
in its amplification.

3.2.3 Constrained

A few months later, D. Felder-Flesch and coworkers [111] detailed the preparation,
in 50% yield, of an enantiotropic, room temperature nematic material 28, despite
the absence of mesomorphism of the malonate side-group promoters: on
subsequent heating—cooling cycles, a stable and reproducible behavior took place
with the reversible sequence Glass (G) 13 Nematic (N) 60 Isotropic (I). Here, the
authors showed that the specific architecture of the hexakisadduct induced a
nematic phase with unusual features.

OCgHy7

POM observations on a first heating showed that the compound was birefringent
and very fluid above 38°C. On slow cooling from the isotropic liquid, point
singularities with 2- and 4-Schlieren brushes slowly developed in the natural
texture, indicating a nematic phase (Fig. 22).

Two phase transitions were detected by DSC during the first heating run. A
broad exothermic transition at 38°C followed by a sharp transition at 60°C could be
measured. On cooling, the same sharp peak at 60°C was detected, but the
mesophase was strongly supercooled down to room temperature and frozen into a
glassy solid (T, = 13°C).

In order to identify the mesophase and elucidate the supramolecular organiza-
tion, the authors conducted a wide and small angles XRD analysis on aligned
samples with a magnetic field (1.0 T). The diffractogram registered at 50°C
revealed three reflections (Fig. 23):
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Fig. 23 X-ray pattern recorded at 50°C for the hexakisadduct 28. Top oriented pattern in the
magnetic field (leff) and sketch representing the three reflections (right). Bottom 20 profile of
oriented pattern by integration over full azimuthal ¢ range
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1. A rather diffuse reflection in the small angle part, centered on the field direction
(p = 0°), with a spacing d = 33.35 A (A, Fig. 23). The correlation length of
this reflection (radial extension) was estimated to be ca. L ~ 190 A (from
A20 using the Scherrer formula), with an azimuthal distribution Agp = 40°
(FWHM).

2. A diffuse reflection in the medium angle part, tilted with respect to the field
direction with a maximum intensity at ¢ = 45°, with a spacing of dg = 18.1 A
and a much shorter correlation length, L' (B, Fig. 23, L' ~ 22 A, Agp = 50°).

3. A diffuse wide angle reflection, perpendicular to the field direction (¢ = 90°),
with a spacing of dc = 4.4 A (C, Fig. 23). The correlation length is of the same
magnitude as that of the medium reflection B (L” ~ 21 A, Ap = 50°).

According to the authors, both the reflections A and C reflect the nematic
ordering of the system: C was assigned to the molten chains, and to the mesogenic
side-groups, which are aligned in the same direction of the magnetic field, whilst A
corresponds to a short-range lamellar ordering with a mean molecular area of about
500 A2 (cybotactic groups). The periodicity B and the abnormal width of A are
specific to the molecular structure of hexakisadduct 28 with respect to classical
nematogens, in that the supermolecular organization takes a hierarchical structure,
made of 12 lateral side-mesogenic groups which are covalently connected to Cegy.
Thus, this periodicity B is necessarily associated with the position of the Cgq
moieties which should be slightly correlated between two adjacent neighboring
layers. This additional ordering within the nematic phase is consistent with the
abnormal large correlation length of the reflection A. The absence of any visible
signal corresponding to some correlations between the Cgg moieties within these
layers embryos could be attributed to the continuity of the electronic density
between the Cg embedded by the polarizable parts of the mesogens, as proposed
by the model of Fig. 24 constructed by a molecular dynamics (MD) simulation.

4 Self-organization Through Micelles, Nanospheres

Over the past 25 years, conventional phospholipid-based liposomes have been
developed for a variety of biomedical applications ranging from targeted drug
delivery [112], diagnostic imaging [113], gene therapy [114] to biosensors
[115]. Liposomal vesicles have been well studied and a number of commercially
available liposomes are readily used today in healthcare applications and mainly as
nanotherapeutics [116].

If liposomes that mimic biological membranes typically comprise glycerol-
based phospholipids [117], many other functional artificial nanostructures such as
polymeric micelles have been synthesized that offer an alternative choice to
phospholipid-based liposomes [118]. For instance, carbon-based nanoparticles are
of great interest and will be outlined in the following section.
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Fig. 24 Molecular modeling picture showing the local organization within the cybotactic groups.
View along the direction of the magnetic field showing the hexagonal close packing of the
supermolecules

4.1 [6:0] Hexakisadduct

4.1.1 As Unimolecular Micelles

In 2000, A. Hirsch and coworkers [119] reported the synthesis and aggregation
behavior of dendrimer-like fullerene-centered hexakisadducts 29, 30 and 31.

(CH2)yCH,
= iﬁofvo}/x 5LO(CH2)yCH3
29 x=2,y=6

30 x=2,y=15

31 x=4,y=15

As the structure of these macromolecules consisted of a polar/hydrophilic cavity
(polyethylene glycol layer) surrounded by an outer shell of lipophilic long chains, all
compounds exhibited unimolecular micelle properties which were, in particular,
probed in terms of 'Li NMR spectroscopy. The ‘Li NMR signal intensity was
dependent on the concentration of the initial solution in dodecane. A lower
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Fig. 25 Comparison of the
Li NMR spectra of the core-
shell macromolecules
encapsulated with LiCl/H,O
in dodecane solutions (Top
30, 17,000 scans, Bottom 31,
1,020 scans but still a
significantly better signal-to-
noise ratio)
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concentration (0.6 mM instead of 3 mM) would result in a significantly lower signal-
to-noise ratio. The LiCl/water intake (average intake was 15 D,O molecules/ macro-
molecule 31) was also shown to be dependent on the size of the ethylene glycol layer
in the macromolecular structures. Indeed, when 31 instead of 29 was used under the
same experimental conditions, the 'Li NMR signal at 0.4 ppm became more intense,
corresponding to a better signal-to-noise ratio with significantly fewer scans (Fig. 25).
The authors have experienced the use of these unimolecular micelles as
nanoreactors tested for the preparation of nanocrystalline silver particles. Interest-
ingly, these particles appear to be uniform in size, each exhibiting a small core of
higher electron density, indicating that the particles have their own structures.

4.1.2 Lipofullerenes

In 1997, T. M. Bayerl and collaborators [17] have shown that dipalmitoylphos-
phatidylcholine (DPPC) self-assembles into multilamellar vesicles (MLVs) in an
aqueous medium with a high content of lipophilic hexakisadduct 32 or 33, while the
incorporated lipofullerenes form rod-like fullerene nanoaggregates (several milli-
meter long, diameters up to 30 nm) within the lecithin bilayers. These intercalated
lipofullerenes significantly change the micromechanical properties of the
corresponding composite membranes. An increase of the bilayers’ bending stiffness
was observed, along with a decoupled lateral diffusion of lipids and lipofullerenes
within the double layer.
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Fig. 26 Left: Freeze fracture micrographs of multilamellar vesicles of DPPC-dg, without (a, b)
and with (c, d) 15 mol% of 32. The samples were quenched from either 60°C (a, c), 40°C (b) or
25°C (d). Scale bar 0.5 pm. Right: Schematic representation of the proposed arrangement of lipo-
fullerenes in a fluid (1) and in a gel phase (2) bilayer

Freeze fracture electron microscopy was employed to study the morphological
changes in the MLVs caused by the lipo-fullerenes. Figure 26 shows freeze fracture
replicas of DPPC-dg, (completely chain deuterated) MLVs with (Fig. 26c) and
without (Fig. 26a) 15 mol% of 32 under fluid phase conditions of the bilayer. In
both cases predominantly large MLVs, with diameters up to 5 pm and the typical
onion-like structure, were observed. However, while the plain ML Vs showed smooth
fracture features in the bilayer plane, 32 or 33 caused both the formation of a rod-like
surface structure (rods diameter increasing with increasing fullerene concentration)
exhibiting long-range ordered superstructures in the gel phase. This spatial correla-
tion was drastically reduced, or even lost, in the fluid phase of the bilayer.
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Fig. 27 Synthesis of the polymerizable lipofullerene 37. (i) LiAlH,, diethyl ether, (ii) Malonyl
dichloride, pyridine, CH,Cl,, (iii) C¢p, DMA, CBry4, DBU, toluene

4.1.3 Polymerized Lipofullerenes

In order to achieve the formation of stable nanoarchitectures based on fullerenes,
A. Hirsch, T. M. Bayerl, and collaborators reported in 1999 the synthesis of
photochemically polymerizable lipofullerene 37 which was hyperfunctionalized
by 12 octadecadiynyl side chains [120]. Such hyperfunctionality is of high interest
as it ensures the formation of a perfect network in three dimensions Fig. 27.

Photochemical networkability was first studied through irradiation (300 W lamp,
2 days) of a film coating of neat 37 on a glass plate: while monomer 37 melted at
42.8°C, the shiny red-brownish and insoluble photopolymerized product 38 did not
exhibit any phase transition up to 280.8°C.

The authors also studied matrix controlled polymerization as 37 was intercalated
into multilamellar phospholipid vesicles: from subsequent freeze fracture electron
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microscopy analyses they were able to conclude that 37 and its saturated and
non-polymerizable analogous 32 and 33 exhibited the same tendency toward self-
aggregation.

38
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Photochemical networkability was also studied on an aqueous dispersion of
multilamellar DPPC vesicles containing 15 mol% of 37. After 12 h of UV irradia-
tion (8 W, 256 nm) in the fluid lipid phase (50.8°C) [121] in a quartz glass cuvette,
the system showed significant changes: an investigation by freeze fracture electron
microscopy showed that the rod-like structures at the MLV surface observed prior
to polymerization (Fig. 28a) had vanished. Instead, perfectly spherical objects made
up from 38 with diameters ranging from 100 nm up to several millimeter were
obtained (Fig. 28b). If the smaller spheres (diameters below 150 nm) were hollow
and transparent, the larger beads were filled and their centers impenetrable to the
electron beam. Dried nanospheres (Fig. 28c) were then accessible to TEM studies
after extraction with organic solvent allowing for DPPC removal.

It is important to mention that isotropic polymerization of 37 could also be
performed: indeed, 37 polymerized to spherical polymers in the absence of DPPC,
through irradiation of a 5 mg mL ™" decane solution (80 W, 256 nm, room tempera-
ture, 30 min). In this case, however, no hollow spheres were found. Such an isotropic
polymerization is likely made possible by the spherical shape and the hyperfunc-
tionality of the highly symmetrical T}, hexakisadduct 37.

4.2 Dendritic [5:1] hexakisadduct

In order to better apprehend the influence of molecular structure on superstructure
formation, A. Hirsch and coworkers studied aggregation tendency of dendritic
hexakisadducts 1 [50] and 2 [S1]. Interestingly, they were able to show that the nature
of the chemical linkage to the hydrophobic backbone has a dramatic effect on the
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Fig. 28 TEM pictures of 15 mol% lipofullerene 37 in DPPC multilamellar vesicles prior (a) and
after (b) UV-initiated polymerization. (c) 38 polymerspheres after extraction of DPPC and
subsequent vacuum drying. Scale bar 1 pm

nanoobject formation capacity. Indeed, if the dendritic head groups are connected by
ester bonds to the fullerene cage, a variety of aggregation motifs resulted, most notably
extensive bilayered liposomal structures [58]. If, however, the hydrophilic dendrons
are linked by amide bonds, as in amphiphile 2, the formation of diverse molecular
architectures was definitely more restricted and solely small micelles were formed
[122]. This behavior was attributed to the more pronounced rigidity of the amide links,
which disfavors such a planar alignment of the amphiphiles as seen in bilayer sheets or
liposomes. Additionally, this effect could be controlled by the pH value: indeed, the
degree of protonation apparently determines the extent of dendron repulsion and
therefore the size of the hydration shell, which results in different degrees of curvature
in the aggregates. For example, whereas at neutral pH a mixture of cylindrical and
spherical aggregates could be obtained, switching to pH 9.2 led to the exclusive
formation of structurally defined spherical micelles with a diameter of about 8.5 nm.
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Fig. 29 Representative
cryo-electron micrographs
of unilamellar (a) and
multilamellar (b)
buckysomes of 1. Scale
bar 100 nm

Ester-connected dendritic hexakisadduct 1 was able to self-assemble into both
vesicular structures of 50—400 nm and long cylindrical micelles of about 5-200 nm
length. The cryo-electron microscopy (cryo-EM) studies clearly confirmed the
presence of unilamellar and multilamellar vesicles which bilayer depth was around
6.5 nm (Fig. 29).

The aggregation behavior of 1 was also studied in different physiological buffers
using negative-stained TEM (Fig. 30) [123]. In addition to vesicles, other interest-
ing supramolecular structures formed (rod-like elongated or worm-like micelles).
For example, in both phosphate citrate (Fig. 30d—f) and phosphate buffer saline
(PBS) (Fig. 30g—i) buffers, a mixture of vesicles and cylindrical micelles were
observed. In this case, a complex interplay between three major factors, namely (1)
the charges on the carboxylic acid groups present in the dendrimer which is
controlled by the pH, (2) the solvation process (affected by the solvent), and (3)
the methods of preparation (sonication or vortexing).

4.3 Dendritic [3:3] Hexakisadduct

In order to study and understand in more detail the fundamental principles and
interdependence between molecular design and supramolecular architecture,
A. Hirsch, C. Bottcher and collaborators reported on the aggregation of amphiphilic
[3:3]-hexakisadduct 39 (dimensions 2.5-3 nm) [124] which, in contrast to 1 and 2,
contains three instead of one pair of dendritic carboxylate branches, displays G1
instead of G2 dendrons resulting in only three instead of nine carboxylates per
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dendritic branch. However, it should be noted that the total number of charges in 39
is still equal to that in compounds 1 and 2. The hydrophobic part of 39 was also
significantly reduced in size by the use of the trifunctional cyclo-[3]-octylmalonate
as the addend, which occupies three equatorial sites in the hemisphere opposite to
the head groups. The hydrophobic macrocycle covers one hemisphere of the
fullerene, whereas the three pairs of Newkome dendrons are located on the opposite
side.

39

The authors were then able to show that by compressing of the hydrophobic part
(39 compared to 1 or 2) a more densely packed aggregate formed. TEM studies
(Fig. 31) showed the formation of uniform spherical objects with a diameter of
about 5 nm which is significantly smaller than the diameter of aggregates of
2 (8.5 nm). In summary, the aggregation process of such type of original and
complex dendritic amphiphiles appears to be driven by classical parameters such
as the effective volume ratio of the hydrophilic and hydrophobic building blocks.

5 Conclusions

The research on organic materials at the nanoscale has shown broad attention over
the past few years. The different topics reviewed in this chapter show that
[60]fullerene is a versatile 3D rigid nanoscaffold for the development of fascinating
materials mainly thanks to its tuneable valency (1 to 6) and regioselective
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Fig. 30 Uranyl acetate negative-stained transmission electron micrographs of various supramo-
lecular structures of 1. Combined morphologies of rod-like, branched, and elongated micelles are
seen in addition to buckysomes. In (a—c), 1 was prepared in 10 mM HEPES at pH 8.0; in (d—f), 1
was prepared in 0.2 M phosphate—citrate and in (g—i), in PBS buffer at pH 7.4. The concentration
of 1 was 2 mg mL ™" and preparations were made at room temperature

polyaddition. Indeed, through hexaaddition it is possible to prepare new structural
motif not attainable starting from other symmetrical cores such as silsesquioxanes
[93-98], metal nanoparticles [99-109] or even from inorganic metallaclusters
[125]. It becomes then possible to investigate the physical properties of the
materials of a precise orientation of the substituent obtained through regioselective
grafting on the sphere and also to correlate the obtained properties with the degree
of addition on the carbon sphere. Moreover, it is of interest to rationalize the
influence of the functionalization pattern (the number and the position of
substituents grafted on the sphere) on the thin film formation capacity or on the
liquid-crystalline behavior.

Finally, the last section devoted to nanostructures formation has demonstrated
that fundamental investigations on the stability of micelles, vesicles, and other
Buckysomes, in particular tolerance to chemical modification and functionalization
of the head group, are of high importance as tuneable supramolecular containers
will have a considerable impact in the field of nanotechnology (tailor-made trans-
port systems).
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Fig. 31 3D structure determination of aggregates of 39. (a) Negative staining preparation of 39
showing several tens of individual aggregates. (b) Typical spatial views of micelles (diameter
5 nm) after filtering, multireference alignment, data compression by multivariate statistical
analysis, and automatic classification

A further extremely important step and still very open field in the organization of
fullerene-based materials concerns endohedrals. Although their chemical properties
may considerably differ from those of the empty fullerenes, addressed and
regioselective multifunctionalization of magnetic, luminescent, or hydrosoluble
carbon nanocages would allow important achievements concerning materials
exhibiting original optical, magnetic, and catalytic properties, finding uses in
energy, electronic, medicine, and biology. Such compounds shall be
nanostructured, be able to self-assemble in multiscale architectures, and intrinsi-
cally possess several physicochemical properties making them new materials in
essence.
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Dual Role of Phthalocyanines in Carbon
Nanostructure-Based Organic Photovoltaics
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Abstract Organic solar cells are based on the photoinduced separation of charges
at donor—acceptor interfaces and on the transport of these charges to the electrodes
through n-type and p-type materials. Carbon nanostructures, such as fullerenes and
carbon nanotubes, are considered to be the most effective electron-acceptors, and
their use is widely spread. Besides, proper electron-donor and light-harvesting
molecules are also fundamental for organic photovoltaics. Phthalocyanines are
excellent candidates to play the dual role of p-type materials and antennas. More-
over, their structural and synthetic versatility allows them to act as donors or
acceptors depending on their counterpart materials in the device. Herein, such
functional dualities will be reviewed with regard to the use of phthalocyanines in
donor/acceptor systems for photovoltaic devices.
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1 Introduction

One of the main objectives in the twenty-first century is to develop environmentally
friendly renewable energies such as solar power. Organic solar cells (OSCs) have
shown to be promising candidates in the search for efficient and cheap alternatives
to the well-established but expensive silicon-based solar cells [1, 2]. Organic
photovoltaics, which convert sunlight into electricity within thin films of organic
semiconductors, have been the subject of active research for more than 20 years. In
1986, Tang reported the fabrication of an OSC with power conversion efficiency
(PCE) of ~1% [3]. The key innovation that allowed exceeding the efficiency of
most devices at that time consisted in the introduction of a donor—acceptor (DA)
interface between two layers of organic semiconductors. Many improvements of
this concept have been achieved since then by employing different organic
molecules and polymers and by developing more sophisticated device
architectures. As a consequence, OSCs with PCEs as high as 5-7% can be produced
nowadays, and conversion efficiencies of 10% are estimated to be necessary for the
commercial exploitation of OSCs in the near future [4-6].

A number of material classes are employed as either electron-donors or
acceptors. Organic chromophores such as perylene bisimide (PBI) derivatives and
carbon nanostructures such as fullerenes and carbon nanotubes (CNTs) are the
most widely used acceptors, while n-conjugated polymers, porphyrins (Pors), and
phthalocyanines (Pcs) are usually the donors (Fig. 1) [7]. The major advantage of
polymeric (or plastic) solar cells is their easy processing by spin-casting from
solution [8]. They present, however, some drawbacks related to the phase behavior
of m-conjugated polymers in blends. Their limited miscibility often produces
segregation into large domains of the donor and acceptor components, which in
turn affects the overall device efficiency. Moreover, the mechanisms by which
charges are generated and transported in these cells are not yet well understood. In
this respect, replacing =m-conjugated polymers by small organic molecules
represents several advantages [9]: (1) a precisely defined chemical structure enables
to establish relationships between material structure and the device performance;
(2) charge-carriers’ mobility is normally higher in molecular materials than in
polymers; and (3) the high absorption coefficients of many organic dyes in the
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Fig. 1 Molecular structures of some of the most common materials used in OSCs

visible/near-infrared region permits reducing the thickness of the active layer, thus
facilitating the transport of charges to the contact electrodes.

Among the donor chromophores that can be used for the construction of OSCs,
Pcs [10-12] have been the preferred choice due to their intense optical absorption
and rich redox chemistry [13—16]. Pcs are thermally and chemically stable
compounds, with extinction coefficient values over 1 x 10° M~ em™! in the
red/near-infrared region. In addition, these macrocycles are synthetically very
versatile: more than 70 different atoms can be introduced in their central cavity,
and a variety of axial and/or peripheral substituents have been incorporated in their
structure. These modifications allow tuning the physical properties of Pc
derivatives. Subphthalocyanines (SubPcs), which are lower Pc analogues with a
cone-shaped aromatic surface and a boron atom in the macrocycle cavity, have also
been utilized in DA systems for the harvest of light and its conversion into a useful
form of energy.

Herein, we intend to review the most significant examples of DA (photovoltaic)
systems where (Sub)Pcs play the function of antennas and electron-donors, while
carbon nanostructures are the electron-acceptors. These DA systems lead, in solu-
tion, to long-lived charge-separated (CS) states, while when incorporated in
heterojunction devices they are able to generate photocurrent from sunlight. The
3D arrangement of the photoactive units determines important processes such as
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light absorption, exciton diffusion, charge separation, and charge-carrier mobility.
The efficiency of these processes will be discussed in relation to the PCEs obtained
in (Sub)Pc-based OSCs. The role of (Sub)Pcs as electron-acceptor materials will
also be examined.

2 Basic Principles of Organic Solar Cells

In contrast to silicon solar cells, where charge-carriers are created directly from
photons absorbed by the inorganic semiconductor, the absorption of light in OSCs
leads to the formation of excitons (i.e., Coulombically bounded electron-hole pairs)
due to the low dielectric constant of organic materials [17-20]. In order to produce
charges, excitons must be dissociated by an electric field of sufficient intensity. That
is the reason why a critical issue in OSCs is the occurrence of a heterojunction
between electron-donor and electron-acceptor materials. It is the energy offset
between the HOMO of the donor and the LUMO of the acceptor that actually
provides the driving force for exciton dissociation.

There are two categories of device architectures: the planar heterojunction (PHJ)
[3], with two successively deposited films of donor and acceptor materials, typi-
cally small molecules; and the bulk heterojunction (BHJ) [21, 22], where the two
materials, either small molecules or polymers, form an interpenetrating DA inter-
face with a much larger area than that of the PHJ. The main limitation to the
performance of PHIJs is the short exciton diffusion length in organic materials
(10-20 nm). This inherent aspect of organic matter limits the maximum thickness
of the active layers and thus the amount of light that the cell can absorb. Intensive
research is being carried out on the design and synthesis of new chromophores and
polymers with higher extinction coefficients, especially in the near-infrared/
infrared region, where the maximum photon flux of the sun is located [23-27].

An efficient way to bypass this obstacle consists in the use of BHJs, where a DA
interface is achieved by the intimate intermixing of the components all along the
device [8, 9]. Unfortunately, BHJs usually suffer from morphological problems
such as phase separation and clustering phenomena. For an efficient transport of
holes and electrons through the donor and acceptor phases, respectively, a truly
bicontinuous network is required. The adequate morphology of BHIs is achieved, in
the case of polymeric solar cells, by simple processing techniques from solution.
This is clearly an advantage, since the production of flexible, low-cost, and large-
area devices is potentially possible. In contrast, co-evaporation is commonly used
to prepare blends of small molecules, pursuing the enhancement of their inherently
low charge transport ability by the consecution of a proper 3D arrangement in the
crystalline state. Multilayer configurations, in which the active blend is sandwiched
between the layers of pure donor and acceptor, are used for the same reason.

For any of the two possible device configurations, photocurrent is generated
through a cascade of four steps: (1) exciton formation by the absorption of light,
(2) exciton diffusion, (3) exciton dissociation at the DA interface, and (4) charge-
carrier transport towards the electrodes. The efficiency of any of these steps has an
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influence on the current-voltage (I-V) curve of the device. The PCE, defined as the
percentage of input power that is converted from light into electric power at the
operating point where the device produces the maximum power, is the most
important parameter to characterize the cell performance. Two other key
parameters are the open-circuit voltage (Voc) (i.e., the voltage when the current
density in the device is zero) and the short-circuit current (Jsc) (i.e., the current
density when the voltage across the device is zero). Obviously, the cell does not
produce power at any of these two points, but Voc and Jsc are useful indicators of
the maximum current and voltage that the system can produce under illumination.
The short-circuit current is directly related, among other factors, to the amount of
light that can be absorbed by the photoactive material, while the open-circuit
voltage is correlated with the difference between the HOMO of the donor and the
LUMO of the acceptor. Any aspect of the device that exerts a positive effect on the
amount of photons absorbed by the active layer, and/or on the HOMO-LUMO
energy gap of the DA system, will ultimately lead to an improved PCE of the
photovoltaic cell. This implies a contradiction, though. Reducing the energy band-
gap of the DA heterojunction allows absorbing more light from the solar spectrum
but at the same time reduces the open-circuit voltage [28]. More research must then
be done in order to properly design new DA systems with fine-tuned optical and
redox characteristics.

3 Phthalocyanines as Electron-Donor Photoactive
Materials

Pcs and related compounds are benchmark materials for organic photovoltaics
[13-16]. The important place that (Sub)Pcs occupy in this field owns much to
their dual ability to function as absorbers of photons and electron-donors. Pcs
absorb light very efficiently in the spectral region of the maximum solar flux
(at ca. 700 nm, Fig. 2). Once photoexcited, they transfer electrons to any
electron-acceptor, provided that it has adequately featured energetic levels and is
in close proximity to the Pc molecules. Additionally, Pcs are thermally stable
compounds and present, when organized in cofacial stacks, longer exciton diffusion
lengths (ca. 30 nm) and higher charge-carrier mobility than their Por homologues.
All these properties have made Pcs cornerstone building blocks in both
dye-sensitized solar cells and all-organic photovoltaic devices.

Most of the success of Pcs in organic photovoltaics has been based on the use
non-substituted Pcs. The solubility of these compounds in organic solvents is very
low, and they have a strong tendency to aggregate. Because a solution processing
cannot be applied to the preparation of non-substituted Pc thin films, vapor deposi-
tion techniques are generally used, increasing the cost of the devices and thus
reducing their commercial interest.
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Fig. 2 Typical UV—Vis spectra of Pcs (solid line) and SubPcs (dashed line)

(Sub)Pcs functionalized with solubilizing axial and/or peripheral substituents are
not stable enough for the application of high-vacuum vapor deposition. Efficient
solar cells based on solution-processed (Sub)Pcs are still scarce, yet the available
synthetic toolbox of organic chemistry allows integrating (Sub)Pcs in a wide
number of DA covalent dyads, multicomponent arrays, polymers, dendrimers,
and so on. This type of DA ensembles have not met for the moment the required
features to be successfully applied in OSCs, but they are excellent artificial photo-
synthetic models, the study of which is providing a fundamental insight into the
factors involved in electron transfer.

The possible functionalization of (Sub)Pcs with different kinds of organic
substituents also confers them the ability to self-organize into supramolecular
architectures, especially because of their extended aromatic surface. Controlling
the nanoscopic, non-covalent arrangement of these macrocycles within the active
layer of solar cells certainly enables more efficient charge separation, improved
charge transport properties and better overall device performances. After all,
supramolecular organization is one of the bases for which photosynthesis
approaches optimal efficiencies in the conversion of sunlight into useful chemical
energy. (Sub)Pcs are in place to substitute photosynthetic chromophores in artificial
mimics of this extraordinary natural process.

4 Carbon Nanostructures as Electron-Acceptor Materials

Among the electron-acceptor units employed in organic photovoltaics, carbon
nanostructures such as fullerenes and CNTs have a particular relevance. In 1992,
Sariciftci and coworkers reported that photoexciting a mixture of Cgy and
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MEH-PPV (i.e., a poly-p-phenylenevinylene derivative) results in an ultrafast
highly efficient photoinduced electron transfer (PET) [29]. Furthermore, the CS
state in this system presented a very long lifetime, as a consequence of the
delocalization of positive and negative charges across the polymeric and fullerene
phases, respectively. The efficient transport and collection of charge-carriers at the
electrodes could explain the high PCE obtained for this photovoltaic device [30].

Since then, fullerenes have gained a great popularity in the field of OSCs.
Fullerenes are extraordinary electron-acceptors, owing to their low LUMO level,
small reorganization energy, and very slow charge recombination in electron
transfer processes [31-42]. As a matter of fact, soluble Cgo derivatives such as
[6,6]-phenyl-Cg;butyric acid methyl ester (PCBM) have been crucial for the deve-
lopment of solution-processed solar cells [43]. The spherical geometry of Cgq is
also appropriate for charge transport in disordered media, by means of isotropic
electron transport through 3D percolation.

The synthetic methodologies developed nowadays for the modification of
fullerenes are very broad, involving a number of reaction types such as
hydrogenation, nucleophilic and electrophilic additions, pericyclic reactions, and
oxidations [41]. In recent years, fullerenes different than Cgy (e.g., endohedral
fullerenes and fullerene cages with various sizes and symmetries) are being exten-
sively investigated. This synthetic toolbox offers a wide number of building blocks
for which the optical and electronic properties, and the supramolecular behavior,
can be tuned. The incorporation of (Sub)Pcs in DA systems with fullerene
derivatives can be beneficial for both planar and bulk heterojunctions. (Sub)Pcs
can also be used as dopants to improve the light-harvesting capacity of polymer/
fullerene blends.

CNTs [44—46] consist of graphene sheets rolled up into a cylinder and provide
continuous electronic states in their conduction band for collecting electrons. These
electrons can be transported under nearly ideal conditions along the nanotube 1D
axis. Thus, the combination of CNTs with a light-harvesting/electron-donor mate-
rial emerges as a promising possibility for electron transfer studies [47]. Different
electro- and photoactive units can be attached to the nanotube surface, through
either covalent or non-covalent bonds [48]. The occurrence of PET in these
assemblies can be used to generate current in photovoltaic cells. Together with
the excellent mechanical properties of CNTs, these hybrid nanostructures open
broad perspectives for solar energy conversion [49].

5 (Sub)Phthalocyanine/Fullerene Donor/Acceptor Systems

A fundamental process involved in the generation of electricity from sunlight in
OSCs is exciton dissociation at a DA interface. Understanding how the nature,
arrangement, and electronic coupling of the donor and acceptor photoactive units
affect the efficiency of this process is very important for device performance
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optimization [50]. In this respect, natural photosynthetic systems are excellent
models to orientate research towards artificial photovoltaic cells [51, 52].

The complexity of natural photosynthesis is clearly beyond synthetic chemistry.
It is entirely plausible, however, that simple photosynthetic functions such as PET
[53, 54] can be mimicked by relatively simple artificial systems [55-60]. In their
most simple version, these systems can be represented as D—(L)-A ensembles,
where L. means the spacer that connects the donor and acceptor moieties through
covalent bonds or non-covalent interactions. Upon light absorption by the
chromophores, energy is stored in an excited state of the system. Several exergonic
intercomponent events may subsequently take place, the most important ones being
energy and electron transfer. In the latter, excitation energy induces the generation
of a CS state which may ultimately be employed to perform useful work.

Among the most common photoactive building blocks, the light-harvesting and
electron-donor properties of (Sub)Pcs make them perfectly suited to be integrated
in light energy converters [61]. Besides, fullerenes have occupied in the last two
decades a central position as acceptor components for electron transfer studies [37].
The interactions between these two types of photoactive units (i.e., (Sub)Pcs and
fullerenes) can be studied in both covalent and non-covalent ensembles in solution,
as well as in thin film photovoltaic devices.

5.1 Covalent (Sub)Phthalocyanine—Fullerene Ensembles

Most classical molecular designs for the synthesis and optimization of artificial
photosynthetic systems are based on the covalent linkage of chromophoric electron-
donor and acceptor units. The nature of the spacer in these systems is very
important for controlling the distance, orientation, and electronic coupling between
the photoactive building blocks. The first report on a covalent Pc—Cgy dyad
appeared in 1997, when Hanack, Hirsch, and coworkers reported the synthesis of
what they called a “green fullerene” [62, 63]. This dyad was prepared through a
Diels-Alder reaction and owned its intense green color to the Pc moiety. Since then,
a large number of covalent Pc—Cgq systems have been described.

The synthetic strategies commonly employed for the preparation of Pc—Cgy
dyads are based on the consecutive utilization of three types of methodologies
[13, 15]. First, low-symmetry Pcs are synthesized by condensation of different
phthalonitrile derivatives (Fig. 3), generating a statistical mixture of all the possible
macrocycles. A proper choice of the reactant ratios and the chromatographic
workup are crucial to attain optimal yields of the desired compound. Asymmetri-
cally substituted Pcs can be subsequently functionalized by a variety of simple
organic and metal-catalyzed coupling reactions (Fig. 3) [64]. In the final step, the
electrophilicity of fullerenes, due to their electronegativity and high strain energy,
is usually exploited. Among the rich chemistry of fullerenes, the most characteristic
reactions for their incorporation into covalent DA ensembles are nucleophilic
additions (such as the Bingel reaction) and the 1,3-dipolar cycloaddition of
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Fig. 4 Schematic representation of the Prato (left) and Bingel (right) reactions, commonly used
for the linkage of Pcs and Cgg

azomethine ylides (also known as the Prato reaction) to the fullerenes double bonds
(Fig. 4).

The first Pc—Cg, system whose photophysical behavior was studied in detail is
dyad 1 (Fig. 5a) [65, 66]. The UV—Vis spectrum of 1 showed a charge transfer (CT)
absorption band at 740 nm, revealing a redistribution of charge density from the
electron-donor ZnPc to the electron-acceptor Cgo. This is a consequence of the
direct linkage of both photoactive components. Only another ZnPc—Cgy dyad (2)
(Table 1) has presented similar CT characteristics in its UV—Vis spectrum, as a
result of the close proximity between the Pc and fullerene moieties [55-60]. The
influence of the proximity and orientation between the photoactive units on their
electronic communication has also been studied on dyads similar to 2, in which the
Pc and the fullerene are connected by malonic bridges [70, 71]. For the rest of
Pc—Cgo conjugates reported up to now, no electronic communication has been
observed between the donor and acceptor moieties in the ground state.

The photophysical behavior of Pc—Cg, ensembles can be probed by transient
absorption measurements (Fig. 5b) [66, 72]. In 1, for example, upon
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Fig. 5 (a) Molecular structure of the ZnPc—Cg, dyad 1. (b) Energetic levels the ZnPc—Cg dyad 1
when photoexcited in toluene (reprinted with permission from [72], copyright 2004, American
Chemical Society)

photoexcitation of the ZnPc unit, its singlet excited state features are observed
(i-e., a broad transient maximum at 490 nm, followed by bleaching between 610 and
685 nm). When electron transfer occurs, the ZnPc singlet excited state decays rather
quickly, leading to the formation of new transient species. The presence of ZnPc
radical cations (ZnPc™) is hallmarked by transient absorption maxima at 520 and
840 nm, whereas a maximum at 1,000 nm indicates the formation of Cg radical
anions (Cgp™). The lifetime of the radical ion pair for a certain dyad strongly
depends on factors such as the polarity of the solvent, the presence or absence of
oxygen, and the nature of the Pc metal center [72]. Moreover, the lifetime of the CS
state is usually several orders of magnitude higher in bulk than in solution. This fact
has stimulated the utilization of Pc—Cg, covalent systems as active materials in
photovoltaic devices (see Sect. 5.3) [73, 74].

The influence that the arrangement of Pc and Cgq units has on electron transfer
dynamics has been studied, at first glance, by comparing the photophysical
parameters of ZnPc—Cg, dyads with different spacers (Table 1, entries for dyads
1-7) [75, 76]. The lack of a spacer results in the shortest lifetimes observed
[72]. Conjugated and rigid saturated hydrocarbon linkers elongate the CS state
lifetime by spatial separation of the fullerene and the Pc. Interestingly, the triple
bond spacer leads to a longer-lived CS state than the double bond [75, 77, 78]. The
longest CS state lifetime from this set of molecules was obtained, however, for the
dyad containing [2, 2]paracyclophane [76]. In contrast to classical conjugated
connectors, [2,2]paracyclophane can be viewed, in 7, as a biased double potential
well, separated by a tunneling barrier. Linking Pc and Cg, moieties to this
cyclophane provides the bias, promoting through space electron transfer.

Similar Pc—Cgq dyads have been prepared in which the fullerene cage is bigger
than Cgo (e.g., Cgo) and contains a trimetallic nitride [79]. Endohedral
metallofullerenes present several advantages over empty Cg, such as larger extinc-
tion coefficients and lower HOMO-LUMO energy gaps [80]. Unfortunately, the
corresponding dyads are rather unstable and their synthesis is more complicated
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Table 1 CS state lifetimes for some Pc—Cgy dyads and multicomponent systems

CS lifetime

Compound Reference (ps)
[67] 83
[66] 32¢
1.1 x 10*°
[75] 50%
1 x 10*°
[75] 307
1.4 x 10*°
[75] 36"
1.4 x 10*°
[76] 3.5 x 10*°
[76] 330%
458 x 10°°
[81] >3 x 10°°
Ln=Sm 8a
Ln=Eu 8b
Ln=Lu 8c
[85] 1.0 x 10**?
SiPc—(Cgp)g dendrimer (molecular structure not shown) [90] 2.0 x 10°°
1.6 x 10°°
ZnPc/Cgq polynorbornenes (structures shown in Fig. 10) [91] 12.6 x 10%°¢
“Benzonitrile
*Toluene

‘0-DCB
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than for their Cgp-based counterparts. Analogously, Pc macrocycles with different
architectures have been used instead of planar Pcs. In dyads 8a—c, where a double-
decker lanthanide bisphthalocyaninato complex is connected to Cgq, CS states with
lifetimes of ca. 3 ns in toluene were observed by transient absorption experiments
(Table 1), but only when the fullerene moiety was photoexcited [81]. The excitation
of the Pc unit in these systems leads to very short lifetimes of the singlet excited
state, enabling deactivation mechanisms different than electron transfer.

With the aim of improving the light-harvesting process, molecules
containing multiple Pc and Cg, units have been designed and synthesized
[82-84]. Photophysical studies on these systems showed that the presence of
more than one donor and/or acceptor moieties does not necessarily elongate the
lifetime of the radical ion pair. The order of chromophores in multicomponent
DA molecules is crucial to stabilize the CS state, as revealed by the long-lived
radical ion pair in pentad 9 (Table 1) [85-88].

The strategy of using multicomponent systems has reached its maximum level of
complexity with the preparation of dendrimers and polymers containing Pcs and
Ceo as building blocks. The formation of silicon—oxygen bonds has been used to
obtain SiPc-based dendrimeric systems (Table 1) [89, 90]. Increasing the dendron
generation (i.e., the number of fullerene fragments from 2 to 8), a stabilization of
the CS state was observed, probably due to electron migration among the Cgq
subunits. This phenomenon illustrates what needs to occur when electrons and
holes are dissociated at the DA interface of BHJs.

On the other hand, the Grubbs methodology for ring-opening metathesis poly-
merization was used to prepare copolymers from different ratios of the adequately
substituted Pc- and Cgp-norbornene monomers [91]. Fluorescence studies on these
systems indicated that the quenching of the Pc fluorescence within the polymer
depends on the relative content of Pcs and Cg. It is noteworthy that the lifetime of
the photoinduced radical ion pair in the copolymers is in the scale of microseconds
(Table 1). A rational explanation for these results implies delocalizing effects when
going from Pc/fullerene molecular ensembles to polymeric frameworks.

Besides Pcs, SubPcs have also received much attention with regard to the
construction of DA conjugates [92-95]. SubPcs present several advantages:
(1) they are excellent antennas (500-700 nm) with excitation energies above
2.0 eV and possess relatively low reorganization energies [96]. Moreover, SubPcs
do not aggregate due to their conical shape and are strong fluorophores with high
quantum yields. In summary, these lower homologues of Pcs are versatile and
stable chromophores suitable for nonlinear optics [97-100], light-emitting diodes
[101], anion sensing [102—104], and photovoltaic applications [15].

The preparation of SubPc-based DA systems has been possible thanks to the
development of novel synthetic methodologies in the last decade [105, 106]. The
SubPc core can be functionalized both at the periphery and axial positions.
The strategy employed for the asymmetric modification of periphery is based on
the statistical condensation of different phthalonitrile derivatives [107], as for the
case of Pcs, and subsequent organic or metal-catalyzed coupling reactions [64]. The
substitution of axially connected ligands is nevertheless more advantageous



Dual Role of Phthalocyanines in Carbon Nanostructure-Based Organic Photovoltaics 157

Fig. 6 Examples of SubPc—Cgg (10) and fused SubPc—Cg, (11) molecular systems

because the SubPc benzene rings remain unchanged and the macrocycle preserves
its electronic characteristics [108].

By using these methodologies, a series of SubPc—Cg (10) and fused SubPc—Cg
(11) molecular systems have been prepared (Fig. 6). The latter required a complex
synthetic strategy that involved both axial and asymmetric peripheral derivatization
of the SubPc ring. Unfortunately, only a complex cascade of photoinduced energy
transfer events has been revealed for 11, with no evidence of electron transfer. The
absence of PET in this case may be explained by the extended conjugation of fused
SubPcs, which lowers the HOMO-LUMO energy gap and, consequently, the
energy of the singlet excited state [109].

The interplay between energy and electron transfer in SubPc—Cg( dyads depends
on the nature of the groups at the periphery of the macrocycle [110, 111] and on the
spatial orientation of the photoactive moieties, as revealed by photophysical
experiments with 10-type dyads. The SubPc and Cg( units are connected in these
derivatives through the axial position by phenoxy group. The specificity of electronic
communication between the two components was examined by varying the substitu-
tion mode (ortho, meta, or para) in the benzene ring of the spacer. Electrochemical
and photophysical measurements revealed that m-dyads are the easiest to get reduced
and oxidized, indicating their smaller HOMO-LUMO gap [112, 113]. m-Dyads
10a—-d, with electron-withdrawing (m-10a, m-10b) or electron-donating (m-10c,
m-10d) substituents, were studied. The photoactive components in these dyads are
electronically communicated through bonds instead of through space. Furthermore,
increasing the electron-donating character of the SubPc unit lowers the energy of the
radical pair state and determines that electron transfer dominates over energy transfer.

The longest CS lifetimes were obtained for dyads with diphenylamine groups in
peripheral positions (10d) [112] or an axial triphenylamine (TPA) spacer
connecting the SubPc with one (12) or two (13) fullerene buckyballs (Table 2)
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[114]. In 12, efficient photoinduced charge separation was observed from the TPA
to the SubPc excited state, and subsequently to the Cgy, moiety, yielding the
[SubPc-TPA™~(Cg)""] tadical ion pair with a lifetime of 670 ns in benzonitrile.
The CS state was even further stabilized in tetrad 13, revealing the effect of having
two Cgo buckyballs instead of one. These results show, as for the case of Pcs, the
importance of multicomponent systems for modulating charge separation events. It
has also been observed that a rigid connection between the SubPc and Cgq building
blocks, like in compounds 14a—c, does not substantially enhance the CS state
lifetime (Table 2), despite the exceptional surface complementarities achieved in
these adducts [115].

5.2 Self-Assembly and Supramolecular Organization
of (Sub)Phthalocyanine—Fullerene Ensembles

It is well known that a major drawback associated with intramolecular electron
transfer concerns the rapid back electron transfer (BET) that occurs if the donor and
acceptor moieties are in close proximity. Natural photosynthesis teaches us that the
achievement of long-lived CS states requires highly organized supramolecular
assemblies. The supramolecular strategy to build artificial photosynthetic systems
relies on the reversible association between donor and acceptor components, which
enables the radical ion pair to split by diffusion of the photoinduced radical ions
(Fig. 7). In other words, charge recombination can be retarded by keeping the
radical ions distantly isolated. In OSCs, charge separation needs to be optimized.
Important lessons about the 3D organizational requirements for OSCs can be
learned from the study of supramolecular effects on PET processes at the molecular
level.

A variety of biomimetic recognition motifs such as hydrogen bonding,
n—n stacking, metal-ligand coordination and electrostatic interactions have been
successfully used to engineer the formation of supramolecular Pc/fullerene
ensembles. Several examples of supramolecular Pc/Cg systems and their photoin-
duced CS lifetimes are summarized in Table 3. In general, a comparison with
covalently linked Pc—Cg dyads, in which lifetimes several orders of magnitude
lower are normally found, shows that these supramolecular architectures are
extremely efficient in collecting light and using its energy for charge separation.
Threading a dibenzylammonium-fullerene derivative through a Pc-containing
dibenzo-24-crown-8 macrocycle, for example, affords reasonably stable
pseudorotaxane-like complexes (e.g., 15) [116] with microsecond-long photoin-
duced radical ion pairs [117]. Another recognition motif that can be used with the
same purpose is a metal-ligand coordination of fullerene-pyridine derivatives and
metal Pcs. The most common metal centers utilized are Zn [118-121], Ti[122], and
Ru [123]. RuPcs are useful chromophores for OSCs because of the high-lying
triplet excited state of ruthenium, which suppresses charge recombination by
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Fig. 7 Schematic representation of the supramolecular strategy to extend the lifetime of CS states
by isolation of the photoinduced radical ions

pushing the CS state into the Marcus inverted region (e.g., in dyad 16).
Watson—Crick hydrogen bonding has shown to be less effective for the consecution
of long-lived CS states in Pc/Cgq systems [124, 125]. Significantly short lifetimes
were measured for the radical ion pair formed upon photoexcitation of the Pc unit in
dyad 17 (Table 3). The association constant of the complex was very large
((1.7 £ 0.7) x 10" MY, which could explain that BET was not efficiently
retarded by the radical ion pair dissociation.

The self-assembly of Pc and fullerene compounds has also been achieved
through the use of DA m-stacking interactions between Pc fragments bearing
adequate peripheral substituents [126]. The covalent ZnPc—Cgy dyad 18, which
comprises a Pc unit bearing six butoxy groups and zinc as central metal (Table 3),
was designed and synthesized to form stable DA complexes with the electron-
acceptor octakis(propylsulfonyl)PdPc 19. The heteroassociation of both Pc
derivatives allowed a substantial stabilization of the CS state. The longer lifetime
for the ZnPc™—Cgy" radical ion pair in the complex (i.e., 475 ns) compared to
that in the dyad (i.e., 130 ns) can be rationalized by the delocalization of the
photoinduced positive charge within the Pc stacks.

In contrast to single mode supramolecular binding, which usually gives flexible
supramolecular structures, the use of multiple binding modes results in ensembles
of defined distances and orientation between the donor and acceptor entities [127].
Following this concept, a supramolecular tetrad (20), constituted by two crown
ether-containing ZnPc units, four potassium ions that favor the stacking and two
fulleropyrrolidine derivatives, has been reported (Table 3). This tetrad showed a
substantially longer lifetime of the photoinduced CS state (i.e., 6.7 x 10° ns) than the
related crown ether-based supramolecular ZnPc—Cgq dyad (i.e., 4.8 x 10° ns) [128].
Self-assembled monoPc/multifullerene DA conjugates have been recently prepared
using the same strategy [129] and showed similar charge separation rates as tetrad 20.
In general, photoinduced charge separation is five times faster for these systems
than for analogous porphyrin/fullerene ensembles. The advantages of crown ether-
based Pc self-assembled systems seem to result from a combination of electronic
and topological factors.

The employment of m-stacking interactions for Pc self-organization could be
brought to a major extent by preparing liquid crystals composed of Pc—Cgq dyads.
Long exciton diffusion lengths (ca. 100 nm) and high charge-carrier mobility
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Fig. 8 Representation of side (left) and top (right) views of the ZINDO/1 optimized geometry of
complex 22, formed by a SubPc cage complexing Cg, (adapted with permission from [15],
copyright 2010, American Chemical Society)

(ca. 0.5 cm?/V) have been measured in the ordered liquid-crystalline phase of
discotic molecules such as triphenylenes, hexabenzocoronenes, hexaazatrinaphthylenes,
and Pcs. Hence, these self-organized condensed phases are promising materials for
organic photovoltaics. Liquid-crystalline Pcs have been tested as photoactive
materials in solar cells [130]. The first example of a mesogenic Pc—Cgq dyad
contained a Pc unit with three swallowtail alkoxy groups, which was covalently
connected to a PCBM moiety [131]. Unfortunately, the synthesis of mesogenic
Pc—Cyq dyads turns out to be difficult, taking into account the tedious purification of
the asymmetrically substituted Pcs necessary as starting compounds. The use
of blends in which a mesogenic compound induces mesomorphism to a non-
mesogenic one represents an elegant strategy to resolve this problem. In particular,
the organization of non-mesogenic Pc—Cgy dyads by simply blending with the
well-known liquid-crystalline zinc octakis(hexadecylthio)Pc, allowed to overcome
the synthetic problems related to the preparation and isolation of mesogenic,
asymmetrically substituted Pc derivatives [132].

Very recently, SubPcs also were incorporated into self-assembled supramole-
cular systems for PET. Fukuzumi et al. reported long-lived CS states for the
multicomponent system 21 (Table 3) [133]. To increase the donor ability of the
zinc Por (i.e., the primary electron-donor), the electron-rich triphenylamine
was attached at its meso position, thus lowering the Por oxidation potential. In
this system, the SubPc and TPA molecular fragments were used as antennas,
transferring their excitation energies to the Por, and subsequently to the fullerene,
in a cascade of electron transfer events.

SubPcs substituted with pyridines, on the other hand, have been used for the
construction of supramolecular cages [134—136]. The rigid and concave geometry
of SubPcs [137] offers a suitable cavity for the complexation of spherical guest
molecules such as fullerenes [138]. Evidences for the encapsulation of Cgy by
a SubPc cage (Fig. 8) was obtained from electrospray mass spectrometry and
'H NMR spectroscopy. The photophysical properties of complex 22 have unfortu-
nately not been measured so far.

The effect of supramolecular organization on the photophysical properties
of Pc—Cgy molecular systems has been studied in Langmuir-Blodgett (LB) films
of dyad 2 (Table 3) [139, 140]. In solution, the geometrical restrictions imposed by
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the double Bingel addition on the fullerene scaffold led to a strong electronic
communication in the ground state and to an activationless exciplex and CS state
when photoexcited [67, 68]. In the LB film, a notable stabilization of the CS state
(i.e., from the picosecond to the microsecond time scale) was observed, probably
due to migration of the ZnPc™ radical cations and Cgo™~ radical anions to spatially
close, homologue units. The same can be concluded from studies carried out with the
amphiphilic ZnPc—Cgq salt 23, which forms uniformly structured 1D nanotubes in
water [141]. Such self-organizational process results in an ultrafast charge separation
(~1012 sfl) and an ultraslow charge recombination (~103 sfl), as compared with
the photophysical parameters for the same compound in solution. As a consequence,
the CS state within the nanotubes presents a lifetime of 1.4 ps. Interestingly, this
value is within the time domain typically found in the DA films of BHJ solar cells.
These findings teach us an important lesson for the application of Pc/fullerene
ensembles in photovoltaic devices: charge separation can be much more efficient
if the donor and acceptor units are adequately organized in the solid state.

5.3 (Sub)Phthalocyanine/Fullerene-Based
Organic Solar Cells

The fabrication in 1986 of a bilayer solar cell with 1% of efficiency, by using
the configuration ITO/CuPc/perylene-3,4,9,10-tetracarboxylic-dibenzimidazole
(PTCBI)/Ag [3], marked the starting point of a race towards the PCE target
value of 10%, which would in principle permit a commercial use of OSCs [4, 5].
In this respect, there are two possibilities for the increase of PCEs in OSCs:
the discovery of new donor and acceptor photoactive materials, and the develop-
ment of more effective device architectures. Two main types of device configura-
tion have been developed: the PHJ (Fig. 9a) and the BHJ (Fig. 9b); yet along the
years other structural designs that combine both concepts have been described
(Fig. 9c.d). In this section, we review the most important photovoltaic systems
having (Sub)Pcs as antenna and electron-donor materials, and fullerene compounds
as electron-acceptors. The discussion will be carried out on the basis of the device
architecture type.

5.3.1 PHJ Devices

Some improvements of the initial Tang’s device design have been achieved by:
(1) the introduction of a blocking layer of bathocuproine (BCP) between the
active layer and the cathode [142, 143]; (2) the concept of tandem cell [144, 145],
which consists of connecting cells in series; (3) the use of triple heterojunction
devices [146]; (4) the introduction of a buffer layer next to the ITO electrode
[147, 148]; (5) the chemical modification of the electrodes [149]; and (6) the
invention of the so-called inverted solar cells [150—152], where the donor layer is
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Fig. 9 Schematic representation of different architectures for OSCs: (a) PHJ, (b) BHJ, (¢) p—i-—n
configuration, and (d) tandem cell

placed adjacent to the transparent cathode. Unfortunately, none of these strategies
have led to PCEs higher than 2.5% when PCTBI was used as the acceptor material.

Other electron-acceptor materials have been combined with Pcs in PHJ devices.
The best results have been obtained when utilizing fullerenes, mainly because of
their substantially longer exciton diffusion paths (~40 nm). Non-substituted Pc and
Ceo derivatives are deposited on the substrate by evaporation under high vacuum.
This enables a high crystallinity of the two layers, also ensuring high charge-carrier
mobilities. The efficiency of these PHJ devices made of evaporated Pc and Cg, can
be tuned by varying the metal center of the macrocycle [153]. Several Pcs have
been studied, including Fe, Co, Ni, Cu, Zn, Pd, Ru, Sn, Ti, and H, as the central
metal. Good performances are obtained with ZnPc, CuPc [154], H,P [155], and
PdPc [156-158], while the use of RuPc results in a high series resistance and strong
recombination of charges at the DA interface [159]. Pcs with near-infrared absorp-
tion (e.g., the non-planar SiPc [160] or TiOPc) [161] have shown more promising
results. One of the best PCE values (i.e., 4.2%) was obtained for a solvent-annealed
ITO/TiOPc (20 nm)/Cgo(40 nm)/BCP(10 nm)/Al device [162].

As for the case of solar cells containing PCTBI, the device architecture can also
be tailored when Cg is the electron-acceptor material in the cell. Covering the ITO
electrode with a thin film of 3,4-polyethylenedioxythiophene:polystyrenesulfonate
(PEDOT:PSS) planarizes the rough surface of ITO [154], thus avoiding shorts and
leading to a PCE of 4.2% in a small-area device containing CuPc [163]. Another
key issue to be tackled in these PHJ devices is the improvement of charge-carrier
mobility in the Pc phase [153]. As learned from systems in solution, the packing and
arrangement of Pcs in the thin film is very important. This goal has been pursued
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either by doping the Pc layer, for instance with pentacene [164], or by introducing
additional layers between the photoactive material and the electrodes in single
[165, 166] or tandem cells [167]. A device with the configuration ITO/MoOx
(5 nm)/PTCDA(1 nm)/CIAIPc(20 nm)/Cgp(40 nm)/BCP(8 nm)/Al showed a
PCE of 3% under simulated AM 1.5G illumination [168]. The role of PTCDA
(3,4,9,10-perylenetetracarboxylic acid) in this system was to template the stacking
of Pc molecules in perpendicular direction to the electrodes. Other interlayers that
have been used with the same purpose are 2,5-bis(4-biphenylyl)-bithiophene [169]
and PTCDI liquid-crystalline derivatives [130]. Short-circuit currents can also be
increased by the incorporation of microcavity structures within the device [170].
SubPcs have also been used as donor materials in combination with fullerenes
for the construction of bilayer device architectures [171]. Since SubPcs absorb at
shorter wavelengths than Pcs, the cell structure demands thinner layers, in compar-
ison with Pc-based cells, to ensure that light of shorter wavelengths is able to reach
the SubPc/Cg interface. The parameter that determines the critical distance to the
SubPc/Cg( heterojunction over which photoinduced excitons can be harvested has
been studied in detail [172]. Exciton diffusion lengths of 28 nm, and a lifetime of
0.3 ns, have been determined by fluorescence quenching experiments with SubPc
thin films of 40 nm. Nevertheless, PHJ photovoltaic devices made of SubPcs have
not achieved the PCE values typical for Pc-based cells. A device with the structure
ITO(100 nm)/SubPc(13 nm)/Cgp(32.5 nm)/BCP(10 nm)/Al(100 nm) showed, for
example, a PCE of 3.0% under 1 sun illumination [173]. In inverted PHJ devices,
on the other hand, a maximum PCE of 2.4 + 0.2% has been demonstrated [174].
This configuration is promising for its use in opaque and/or flexible substrates.

5.3.2 Co-evaporated Devices

As it has been discussed in Sect. 2, the use of blends of donor and acceptor
materials is a widely spread strategy to enlarge the DA interface at which exciton
dissociation occurs. These blends can be prepared by co-evaporation, typically for
non-derivatized Pcs and fullerenes, or by solution processing, which is frequently
used for derivatives of the photoactive components that are soluble in organic
solvents. The study of co-evaporated blends in photovoltaic devices started in the
1990s [175, 176], and important efforts have been devoted to the fabrication of
devices containing co-evaporated layers of Pcs and n-type materials such as
PTCDI and fullerene cages. Because the charge transport ability of the blends is
still low, the insertion of a mixed layer between thin films of the pure components
is a common approach that gives rise to the so-called hybrid planar-mixed
heterojunctions.

For instance, efficiencies of 5% have been obtained in a device with the structure
ITO/CuPc(10 nm)/Cu(II)Pc:Cgp(1:1)(33 nm)/Cgp(10 nm)/BCP(7.5 nm)/Ag [177].
A further increase of PCE up to 5.7% was possible by using of the tandem
geometry [178]. Other strategies to enhance the PCEs are (1) the variation of ratios
[179] and deposition rates [180] to generate gradients of the donor and acceptor
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materials in the blend; (2) the introduction of layers of wide band-gap materials
between the blend and the electrodes (i.e., the so-called p—i—n solar cells (Fig. 9¢)
[181-184], which can also adopt a tandem configuration (Fig. 9d) [185] in order
to augment the absorption of light; (3) the use of semitransparent electrodes,
for the same reason [186], and (4) the substitution of Cgy by Cy9, which results
in ca. 20% increased efficiencies with regard to related devices containing the
buckminsterfullerene [ 187]. More recently, it has been discovered that better charge
percolation pathways within the blend can be induced by heating the substrate while
the Pc and Cg( are being co-evaporated [188]. In this direction, new deposition
techniques are being developed as a way to control the nanostructure of the Pc/Cgq
mixed crystalline layer [189-193].

5.3.3 Small-Molecule Bulk Heterojunction Devices

High-vacuum deposition techniques are very expensive, for which evaporated
devices are hardly applicable from a commercial point of view. Utilizing Pc and
Ceo derivatives that are soluble in organic solvents and therefore can be processed
from solution seems in principle a cheaper and more straightforward option.
PCBM, the best known Cg, derivative, has been used in blends with conjugated
organic polymers for almost two decades. Concerning the donor, many Pcs with
organic-solubilizing substituents are known and their synthesis is relatively simple.
It has been recently suggested that blending fullerenes and phthalocyanine
derivatives with different optical band gaps may improve solution-processed BHJ
solar cells [194]. Nevertheless, there is only one example where a soluble Pc
derivative was blended with PCBM and successively applied in photovoltaic
devices. In this work, the authors connected pyridine-functionalized dendritic
oligothiophenes to an RuPc bearing bulky organic peripheral groups [195]. The
result was a series of supramolecular, non-aggregated Pc/dendron molecules. In
BHJs of these systems with PCBM or PC; BM, the best performances were
obtained for the first generation complex, showing PCEs of 1% and 1.6%, respec-
tively. These values represent the highest efficiencies reported for Pc-containing
BHJ solar cells.

The incorporation of covalently linked Pc—Cgo dyads in solar cells could
be envisioned as a valuable possibility to avoid macroscopic phase segregation
and to ensure efficient charge separation along the entire active layer. The Pc—Cg
dyad 1 [73] and triad 24 (Fig. 10, left) [82] have been deposited on a modified
ITO electrode (with PEDOT:PSS) by spin-casting from toluene solutions. Their
photovoltaic performance was tested, showing very low short-circuit currents and
open-circuit voltages. Polynorbornenes 25 (Fig. 10, right), having Pc and Cgy
units pending from the polymeric backbone, also gave very poor conversions
(i.e., 0.07%) when studied in similar devices, even though these polymers had
shown microsecond-lived CS states in solution [91]. It seems from these studies
that connecting Pc and fullerene moieties in close proximity through a covalent
backbone allows efficient charge separation, but the transport of charges to the
electrodes is very poor, the overall PCE of the devices being not satisfactory.
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Fig. 10 Molecular structures of the Pc—(Cgp), triad 24 and polynorbornenes 25

5.3.4 Polymer-Based BHJ Devices

Finally, the excellent optical properties of Pcs can be used to enhance the absorp-
tion of polymer/PCBM BHIJs in the near-infrared region. This approach was
explored for the first time by adding non-substituted H,Pc to a Cqo/MEH-PPV
(poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene]) blend, inducing
higher Vgoc and Jgc values [196]. Yet the most widely used conjugated polymer
in this type of devices is poly-3-hexylthiophene (P3HT) [197-199]. P3HT unfortu-
nately presents some drawbacks [200, 201]: its absorption spectrum is very narrow
(300-650 nm), which means that this material can absorb only a limited fraction
of the solar photon flux. In addition, the high energy of its HOMO level determines
a maximum cell voltage of 0.60-0.65 volts and a significant instability in atmo-
spheric conditions. Low band-gap small molecules such as Pcs can offer solutions
to these problems.

For example, in a solar cell composed of P3HT, PCBM, and the peripherally
substituted octabutoxy-H,Pc, blended in a 10:10:1 ratio, maximum internal quan-
tum efficiencies of 40% were observed in the main absorption region of the Pc
(i.e., around 700 nm) [202]. Transient laser spectroscopy showed that exciting
the Pc molecules results in the formation of a long-lived P3HT */dye/PCBM™
CS state. Furthermore, a novel concept has been recently proposed to enhance the
performance of these devices by charge generation based on long-range energy
transfer [203].

The efficiency by which Pcs funnel energy in polymer/fullerene devices
increases when aggregation of the Pc is disrupted, as revealed for the case of an
SiPc spin-coated in a 10:10:1 ratio with P3HT and PCBM [204]. The silicon atom is
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able to axially coordinate two branched hydrocarbon chains (i.e., trihexylsilyl
oxide). This avoids aggregation and permits the allocation of SiPc molecules at
the P3BHT/PCBM interface, giving rise to a PCE of 2.7%. Further PCE enhancement
to 4.3% was achieved by multicolored dye sensitization with the same SiPc and the
related silicon naphthalocyanine (SiNc) bis(trihexylsilyl oxide) [205]. Inserting the
Pc—Cg dyad 1 in a P3HT/Cgq bilayer produced a similar effect [74].

Sariciftci has followed another strategy, taking advantage of the supramolecular
interaction between a pyridine-containing Cg derivative, which is part of a
blend with MDMO-PPV, and the ZnPc molecules of an adjacent layer. A PCE
of 2% resulted from this approach [206]. The best performance has been
achieved, however, in a tandem cell with its active layers being a solution-
processed P3HT/PCBM blend and a CuPc:Cgy blend processed by gradient
co-evaporation [207]. The two subcells were connected by a transparent, high-
work function WOj layer. The efficiency of the device was 4.6%, which is close to
the sum of efficiencies of the individual subcells. From these studies, the double
character of Pcs is revealed: they behave as antennas and also as an intermediate
station in the relay of electron transfer events, first from the Pc unit to the fullerene,
and later on from the polymer to the Pc.

6 Phthalocyanine/Carbon Nanotube Donor/Acceptor
Systems

Besides fullerenes, CNTs [208, 209] can also act as electron-acceptors and posses
continuous electronic states for collecting charges when confronted with electron-
donor dyes. CNT/Pc conjugates could potentially be used in organic photovoltaics.
The formation of CNT/Pc composites is known to improve the inherent photo-
conductive properties of Pcs. For example, the photoconductivity of metal Pcs
(TiOPc [210], CuPc [211] or the sandwich-type europium phthalocyaninate
(HErPc,) [212]) doped with modified multiwalled carbon nanotubes (MWCNTs)
as a charge generating material is higher than that of the pristine Pcs. It was
expected then that the direct chemical modification of CNTs with electron-donors
may afford better electronic communication between the photoactive units.

There are two general approaches for the functionalization of CNTs: (1) by
covalent attachment of organic molecules to the CNT open edges or side walls
and (2) through non-covalent n—r interactions with the nanotube wall. While the
covalent approach leads to more stable structures, the non-covalent one presents the
advantage that the electronic structure of the nanotube remains almost unaffected.
Both strategies have been used to attach ferrocene [213, 214], tetrathiafulvalene
[215, 216] and Pors [217-226] to CNTs, and to subsequently generate photocurrent
in photoelectrochemical cells [227-229].
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Fig. 11 Covalent Pc/CNT hybrids 26 and 27

6.1 Covalent Attachment of Pcs to Carbon Nanotubes

There are two main synthetic methodologies for covalently attaching Pcs to CNTs:
(1) through oxidation of the nanotube and modification of the resulting carboxylic
acid functionalities and (2) by cycloaddition reactions on the wall double bonds.
The oxidation of CNTs with mixtures of concentrated sulfuric and nitric acids [230]
results in uncapped CNTs (of 100—300 nm). The nanotube derivatization by this
methodology is hardly selective, being possible to occur at walls and ends. On the
contrary, CNTs with Pcs attached only to the side walls can be prepared by
cycloaddition of reactive species such as aryl radicals, aryl cations, nitrenes,
carbenes, and 1,3-dipoles.

Nanotubes presenting carboxylic acids can be reacted with alcohols and amines
to form esters or amide bonds, by a methodology that was employed to attach,
among others, a zinc aminoPc to single-walled carbon nanotubes (SWCNTSs) [231].
Although the Pc units bore bulky terz-butyl substituents at the periphery of the
macrocycle, the resulting material was scarcely soluble in most organic solvents,
thus ruling out its photophysical characterization. A similar methodology was
employed to prepare the CuPc-MWCNT hybrid 26 (Fig. 11a) [232]. The weight
content of CuPc in hybrid 26 was estimated to be ~10% by thermogravimetric
analysis. Nanotube s carboxylic groups can also be transformed into acid chlorides
by treatment with SOCI,, and subsequently coupled to amines and alcohols. It was
in this way that manganese tetraaminoPc [233] and a sandwich-type octaamino-
substituted erbium bisphthalocyaninato complex [234] have been incorporated into
MWCNTs and SWCNTs (hybrid 27, Fig. 11b), respectively. In general, all these
Pc—CNT hybrid materials showed better photoconductivity than the pristine Pc and
Pc/MWCNT blended composites. Photophysical studies showed a substantial
decrease of the Pc fluorescence [233], suggesting a quenching of the Pc singlet
excited state by the directly linked CNTs. In the case of 27, charge transfer from
the ErPc, unit to the nanotube excited states was evidenced from the Raman shift.
More recently, a hybrid free-base Pc/MWCNTs system was prepared, with
enhanced optical limiting properties [235].
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Table 4 CS state lifetimes for some Pc/CNT covalent and non-covalent systems

CS lifetime

Compound Reference (ps)
[236] 3.05 x 10°®
[237] 6.67 x 10°°
[238] e
[241] 6.0 x 10*®
[242] 7.0 x 10*°

c

“DMF
°THF
“The CS lifetimes for 30 and 32 were not reported, R = CeH,O-p-tert-butyl

Concerning the functionalization of CNTs by cycloaddition reactions, Torres
et al. have reported the preparation of Pc-SWCNT ensembles (28 and 29, Table 4)
using the 1,3-dipolar cycloaddition of azomethine ylides to the nanotube double
bonds, known as the Prato reaction [236, 237]. The UV-Vis spectra of the
ensembles showed the absorption features of both components: the Q-band of
the Pc core and the typical van Hove singularities of SWCNTSs ranging from the
visible to the near-infrared. The presence of these bands confirms that the electronic
structure of the SWCNTs is preserved to some extent. In addition, Raman
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spectroscopy provides evidence for the covalent attachment of Pc molecules to the
nanotube sidewalls.

Fluorescence spectroscopy, on the other hand, showed a strong quenching
of the ZnPc emission for hybrids 28 and 29. Transient absorption studies in the
femtosecond time scale indicated that, upon photoexciting the ZnPc, its singlet
excited state fingerprints decayed, and led to the formation of the ZnPc radical
cation (with transient maximum at 840 nm). Photobleaching of the van Hove
singularities was also observed. Interestingly, this behavior and the lifetime of the
CS state were very similar in both systems (Table 4), and significantly higher
than for Pc—Cg dyads with similar covalent spacers. This fact suggests that the
nature of the spacer, which can be flexible or rigid, does not have a notable
influence on the PET process in this type of hybrid systems.

Another synthetic method to prepare Pc-SWCNT hybrids (e.g., hybrid 30,
Table 4) is the so-called click chemistry [238], specifically the addition of aromatic
radicals to the CNT sidewalls [239]. Hybrid 30 possesses a higher content of
ZnPc than 28 and showed photoinduced electron injection from the ZnPc units
to the nanotube. Moreover, the photovoltaic potential of this material was tested
by measuring the photocurrent generated in a photoelectrochemical cell. The cell
was built by deposition of a thick film of 30 over an ITO electrode, which was
afterwards immersed in the electrolyte solution (0.1 M Na3;PO,). The experiments
revealed stable and reproducible photocurrents with monochromatic incident
photon-to-current efficiency (IPCE) values as large as 17.3%.

6.2 Non-Covalent Interactions Between Pcs and Carbon
Nanotubes

The electronic network of CNTs can be fully preserved if they are non-covalently
functionalized. The supramolecular immobilization of Pcs on their sidewalls is
possible by m—r interactions between the aromatic surfaces of both systems. This
approach may give rise to nanodevices where the photophysical and conducting
properties of the nanotubes are not spoiled.

A remarkable way to connect organic molecules to CNTs by non-covalent
interactions consists in the use of a pyrenyl supramolecular linkage. It is known
that pyrene strongly binds to the SWCNTs sidewalls through n—x stacking [240].
Two different groups have described the non-covalent functionalization of SWCNTs
with zinc tetra-tert-butylnaphthalocyanine (ZnNc) (hybrid 31, Table 4) [241] and
a heteroleptic bis(phthalocyaninato) terbium complex (hybrid 32, Table 4) [242]
using this pyrene-based strategy. Nanosecond transient absorption experiments
showed that photoexciting the ZnNc units in 31 leads to a CS state with around
70 ns lifetime. The rationale behind the preparation of system 32 lays, on the other
hand, on the magnetic properties of the TbPc, complex, which exhibits temperature
and frequency dependency of the magnetic susceptibility, a typical behavior of
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Fig. 12 Schematic representation of (a) the CuPc/SWCNT hybrid 33 (reprinted with permission
from [245], copyright 2010, American Chemical Society), and (b) the Pc—Cg/SWCNT supramolec-
ular assembly 34 [246]

single-molecule magnets (SMMs). Magnetization studies revealed that the SMM
character of the TbPc, complex is retained and even improved in the hybrid system,
compared to the original Pc and its composites with SWCNTs.

It has been found that effective Pc/SWCNT n—n interactions can also take
place even if the Pc lacks any pyrenyl anchoring group. Wang et al. reported that
CNTs can fade the color of chloroform solutions of zinc tetra-ferz-butylPc as a
result of the immobilization of Pc molecules on the nanotube sidewalls [243]. The
adsorption of the Pc molecules on the CNT’s surface was characterized by TEM
and AFM, showing nanoparticles of several to tens of nanometers. Water-soluble
Pcs have also been deposited onto CNTs. Hydrogen bonding interactions between
the sodium salt of CuPc tetrasulfonic acid and oxidized MWCNTs take place in
concentrated dispersions of both components (see Sect. 7) [244]. Upon spin casting
of such dispersions, uniform thin films were obtained. Spectroscopic and morpho-
logical studies evidenced that the Pc cores were stacked in columns along the
MWCNT scaffold, in such a way that the plane of the macrocycle was parallel to
the nanotube surface. Interestingly, the Pc moieties act here as electron-acceptors.
Other water-soluble Pc with dendritic oligoethylene glycol chains at the periphery
have shown to adsorb onto CNTs as well (hybrid 33, Fig. 12a) [245]. This type
of water-soluble SWCNT/Pc supramolecular system might be used in the future for
processing these materials under environmentally friendly conditions.

A bright example of self-assembly from Pc—Cg, dyads and SWCNTs was
described by Bottari et al. (hybrid 34, Fig. 12b) [246, 247] and discloses the
competitive nature of supramolecular organization. In contrast to previous
examples, Pcs in this case do not undergo m—r stacking with the SWCNT side
walls. This Pc—Cgg dyad, with its rigid linker, self-organizes around the SWCNTSs
in a radial arrangement, and the fullerene moieties are pointing downwards, due
to the tendency of fullerenes to interact with CNTs. Moreover, such an arrangement
allows the existence of Cgo/Cgo and Pc/Pc m—r interactions between neighbors,
thus further stabilizing the Pc—Cgo/SWCNT hybrid. The possibility of using these
assemblies as a photoswitchable gate in nanoelectronics is under investigation.
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7 (Sub)Phthalocyanines as Electron-Acceptor
Photoactive Materials

(Sub)Pcs are generally regarded as electron-donor chromophores with excellent
light-harvesting properties. Their dual nature in organic photovoltaics, as donors
and antennas, can, however, be understood in a different way. Owing to the
structural and synthetic versatility of (Sub)Pcs, and consequently of their redox
and photophysical behavior, they act as electron-acceptors in certain cases [11].
Whether (Sub)Pcs are donors or acceptors in a dyad or multicomponent system
mainly depends on the electronic character of their peripheral substituents and
metal center, and on the photoactive units they are confronted with. Pcs decorated
with electron-rich substituents, such as alkoxy groups, never play as acceptors,
independently of which photoactive unit is their counterpart. For the case of Pcs
with electronically neutral substituents (e.g., H, alkyl, tert-butyl), Pors are usually
the donor in Pc-Por molecular systems, which usually give rise to photoinduced
energy [248-250] and electron transfer [251, 252]. SubPcs possess redox properties
similar to those of Pors, associated with their strong absorption at ca. 570 nm, and
their electronic character can also be modulated by the nature of the peripheral and
axial substitution. Playing around with the electron affinity of substituents, several
Pc—Pc [253, 254] and Pc—SubPc [255-257] systems have been prepared in which
one of the macrocycles is the donor and the other one the acceptor.

The electronic affinity of Pcs increases with the incorporation of electron-
withdrawing peripheral substituents. Alkylsulfonyl-substituted Pcs were covalently
grafted onto a conjugated polymer (P3HT), affording efficient photoinduced
charge separation from the polythiophene backbone to the Pc units (polymer 35,
Fig. 13a) [258]. Furthermore, the sodium salt of CuPc tetrasulfonic acid (TsCuPc)
has been organized on the oxidized surface of MWCNTSs, playing the role of
acceptor (hybrid 36, Fig. 13b) [244]. Efficient charge transfer in the ground state
was observed between the two components, according to ultraviolet photoelectron
spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) studies. The
hybrid material was then incorporated between a BHJ layer, composed of P3HT
and PCBM, and the ITO electrode. The resulting device showed an increased
light-harvesting ability. This is so far the only example where a Pc molecule is
the electron-acceptor within a hybrid material with a carbon nanostructure.

SubPcs can also be conferred with electron-accepting features, when derivatized
with fluoro, nitro, or sulfonyl peripheral functionalities. Chromophores that,
inserted in their axial position, have played the role of donor versus these SubPcs
include ferrocene [259], pyrene and truxene axial ligands [260], triphenylamine
[261], BODIPY [262], metal bipyridyl complexes [263], Pors [264], and naphthalo-
cyanines (Ncs) [265]. It could actually be argued that some (Sub)Pcs enjoy
electron-accepting properties comparable to those of fullerenes: their first reduction
potential can reach lower values than that of fulleropyrrolidines, and their rigid,
three-dimensional structure provides them with low reorganization energies [96].
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Fig. 13 (a) Structure of a polythiophene (P3HT) 35, grafted with electron-acceptor alkylsulfonyl-
Pc molecules. (b) Schematic view of the water-soluble Pc/SWCNT hybrid 36 36 (adapted with
permission from [15], copyright 2010, American Chemical Society)

Fluorinated Pcs and SubPcs, in particular, have been used to substitute Cgq as the
acceptor component in small molecule OSCs. Devices with a PHJ of F;3SubPc and
SubPc were fabricated according to the structure ITO(100 nm)/SubPc(13 nm)/
F13SubPc(33 nm)/BCP(10 nm)/A1(80 nm) [266]. Both electron and hole transfer
processes were demonstrated under AM 1.5D simulated solar illumination, but their
efficiencies were lower than that of similar Cgy-containing devices. Evaporated
BHIs, on the other hand, have been prepared from SubPc and F;(CuPc [267].
This system possessed several advantages such as a good coverage of the solar
spectrum, and appropriate energy levels to induce an efficient exciton separation.
Conductivity studies suggested, in fact, the presence of conductive pathways in the
F,¢CuPc phase. For small contents of SubPc, electron transfer to the F;sCuPc, and
parallel photoconduction in both phases, were found. For larger contents of SubPc,
undesired trapping reactions occurred, triggered by interaction of the SubPc excited
state with the charge-carriers in the F;sPcCu phase. A decreased conductivity under
illumination was also detected, thus revealing the presence of isolated clusters of
both macrocycles.

Finally, Song et al. have recently proven that exciton dissociation is not the
only possible mechanism for charge-carrier generation. The authors showed that
intermolecular exciton recombination in solar cells composed of F4ZnPc and Cg,
(i.e., a n—n type device) allows generating free charges from such semiconductors [268].
The mechanism of the process lays on the recombination of electrons from the
fluorinated ZnPc with holes from the fullerene, leaving free their counterpart
carriers. Although the efficiencies of the devices reported are low, these results
represent a new way to harvest electricity from sunlight.
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Ph

Fig. 14 Molecular structures of covalent triads 37a—c and pentads 40a—c

Note Added in Proof. During the editing process of this review article, the intense
research activity on donor—acceptor systems for OSC applications has brought light
to various new systems with unprecedented properties. For instance, the
incorporation of Por units into Pc—Cg, dyads tunes their optoelectronic features.
Bright examples of the covalent connection of three different photoactive moieties,
such as Cg, Por, and Pc, in triads (37a—c) and pentads (38a—c) have been reported
(Fig. 14) [269]. These compounds were prepared in one-step through 1,3-dipolar
cycloaddition to Cgq of the corresponding azomethine ylides, generated in situ by
condensation of N-porphyrinylmethylglycine with an appropriately substituted
formyl- or diformyl-Pc derivative. For all systems, photoexcitation of their Por
components gives rise to a sequence of energy and charge transfer reactions, with
CS lifetimes in the range from picoseconds to nanoseconds for pentads and triads,
respectively. In all triads and in pentad 38b, the Cg, unit performs as an electron-
acceptor, whereas the ZnPc moiety acts as an electron-donor. In pentad 38c, on the
contrary, the photoinduced radical cation localizes in the Por unit.

The same research groups have reported supramolecular systems based on
identical photoactive units (i.e., Cgp, Pc and Por). These systems were assembled
via coordination interactions between N-(4-pyridyl)fulleropyrrolidine and covalent
conjugates of Pc and Por. Triads 39a-b [270] and 40a—c [271] provide comple-
mentary absorption in a wide range of the solar spectrum, and yield longer CS
lifetimes than their covalent counterparts (Fig. 15). Moreover, fusing the Pc and Por
moieties guarantees a strong electronic coupling and red shift of their absorption.
Photophysical measurements revealed that, upon photoexcitation, intramolecular
energy transfer from the Por tetrapyrrole (either free-base or metallated) to the
energetically lower-lying ZnPc macrocycle takes place. This phenomenon is
followed by an intramolecular charge transfer from the excited ZnPc to Cg, leading
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Fig. 16 Supramolecular and covalent azulenocyanine—Cgo dyads 41 and 42, respectively

to the Por-ZnPc™*/Cg," radical ion pair formation. The deactivation of the transient
radical ion pair occurs with no charge shift reaction to the Por.

Modifying the electronic structure of Pcs is, on the other hand, promising for the
fine-tuning of charge transfer properties of the corresponding donor—acceptor
systems. With this in mind, new azulenocyanines and their covalent (41) and
non-covalent (42) ensembles with Cgy have been prepared for the first time
(Fig. 16). These systems show a remarkable panchromatic absorption of the cyanine
unit from the UV—Vis to the near-infrared regions of the solar spectrum [272]. Axial
coordination in system 41 leads to a 0.78 ns lived radical ion pair state, despite the
extremely short-lived excited state of the azulenocyanine moiety (i.e., 10 ps). On
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Fig. 18 Molecular structures of mesogenic Pc—Cgy dyads 45 and 46

the contrary, the azulenocyanine moiety excited state in 42 fails to power electron
transfer upon photoexcitation.

Another attempt to achieve additional CS lifetime stabilization has been
undertaken by connecting the electron-donor (i.e., ZnPc) and the electron-acceptor
(i.e., Cgp) through an oligo(p-phenylenevinylene) (oPPV). In particular, compound
43 (Fig. 17) was prepared in a multi-step synthesis, through two consecutive
Wadsworth—-Horner—-Emmons reactions and a dipolar 1,3-cycloaddition as key
steps [273]. The simpler ZnPc—Cgq, dyad 44 was also prepared as a reference
compound for photophysical studies. A clear dependence between charge transfer
kinetics and spatial arrangement manifested by means of fluorescence, flash pho-
tolysis, and transient-absorption spectroscopies. In both systems (i.e., 43 and 44),
intramolecular charge separation evolves from the photoexcited ZnPc and yields
ZnPc™/Cgy"~ radical ion pairs with maximum lifetimes of 2.9 and 5.53 ns,
respectively.

The possibility to self-assemble covalent, donor—acceptor conjugates into large
length-scale aggregates is highly desirable for molecular photovoltaics [274-276]
and field effect transistor applications, where the order of both the acceptor and donor
components in the solid state is a key issue for achieving high carrier mobilities. In
this respect, the mesogenic ZnPc—Cg, dyad 45 has been recently described, consisting
of a hexadodecyl-substituted ZnPc covalently connected through a flexible spacer to
Ceo (Fig. 18) [277]. Polarized optical microscopy (POM) and differential scanning
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Fig. 19 Molecular structures of ZnPc-based PPV oligomers 47 and 48

calorimetry (DSC) studies revealed liquid-crystalline behavior between 80 and
180°C. Complementary X-ray diffraction (XRD) studies showed that compound 45
adopts a rectangular symmetry within the columnar mesophase (i.e., Col,). The
liquid-crystalline donor—acceptor heterojunction formed by another mesogenic
ZnPc—Cg, conjugate (i.e., 46), on the other hand, exhibits highly efficient short-
range and long-range charge transport properties [278]. Interestingly, when heating
up the mesophase, a 5-times increase of the total charge mobility occurs, with respect
to the unheated sample. The improvement of ZnPc—Cgy column alignment upon
heating possibly explains this phenomenon, because it may facilitate the charge
transport between columns.

Besides fullerenes, Pcs are ideal partners of CNTs for photovoltaic applications.
In this case, both photoactive units can interact through strong intermolecular
interactions. For this purpose, the ZnPc derivatives 47 and 48, covalently linked
to a PPV oligomer, were designed and synthesized for SWCNT exfoliation
(Fig. 19) [279]. A complete spectroscopic and microscopy study demonstrated
that oligomer 47 affords stable and finely dispersed SWCNT suspensions, whereas
oligomers 48a—c failed to disperse the nanotubes [280]. Analysis on the different
electronic character of these two PPV oligomers sheds light on the obtained
experimental data. In the case of 47, the presence of electron-withdrawing cyano
substituents confers n-type character to the PPV oligomer, thus favoring strong
interactions with SWCNTs, since they are p-type materials. On the contrary, PPV
oligomers 48a—c possess a p-type character that suppresses the interactions with
SWCNTs. Transient absorption measurements carried out on the 47/SWCNT
supramolecular system revealed the formation of a metastable CS photoproduct.

The supramolecular interactions of azulenocyanine 49 and its derivative bearing
a pyrene unit (50) with SWCNTs have been studied as well (Fig. 20) [281]. Stable
suspensions of SWCNTs in a mixture of 25% THF and 75% DMF were titrated with
variable amounts of 49 or 50. These assays demonstrated the successful immobili-
zation of azulenocyanine derivatives onto the SWCNT surface to yield the supra-
molecular hybrids SWNT/49 and SWNT/50. Moreover, they showed strong
interactions in the ground state and a rapid charge separation in the excited state.
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Fig. 20 Molecular structures of Zn azulenocyanines 49 and 50

The accordingly formed radical ion pair states decay with lifetimes of 124 and 137
ps for SWNT/49 and SWNT/50, respectively. Finally, both systems revealed, in
photoelectrochemical cells, a response throughout the visible and near-infrared
region of the solar spectrum, with moderate IPCE maxima of 2.5%.

SubPc also interacts with carbon nanostructures, such as fullerenes, and forms
supramolecular complexes in solution. More precisely, thioalkyl-substituted
SubPc derivatives with an electronically different concave shape allowed testing
the influence of structural factors, such as the length of alkyl substituents, on the
encapsulation of Cg [282]. By using the Job plot methodology, it was found that
the obtained supramolecular inclusion complexes possess a 2:1 stoichiometry,
with binding constants as large as 10° M~'. Moreover, unidirectional energy
transfer from the periphery (i.e., the donor SubPcs) to the core (i.e., the acceptor
fullerene) occurs upon photoexcitation. The ability of SubPcs to disrupt fullerene
aggregation might be useful for achieving better architectures in bulk-
heterojunction solar cells.

The properties of SubPc as electron-donor have triggered its incorporation into
small-molecule OSCs, together with a perfluorinated SubPc-dimer as electron-accep-
tor [283]. Due to the complementary absorption of both materials, an enhanced
photocurrent is achieved within this system, while preserving the high open-circuit
voltage characteristic of SubPc-based devices. Additionally, introducing a Cg( inter-
layer between the perfluorinated SubPc-dimer and BCP layers led to a cell efficiency
of 4%. Deep inspection of the device spectral response and reflection data showed
that the SubPc/SubPc-dimer interface is the photoactive one, whereas Cgy mainly
functions as a transport layer that enhances electron extraction.

In light of the increasing interest in environmentally friendly technologies, the
development of OSCs processed in aqueous solutions represents one of the most
appealing goals of today’s materials chemistry. Recently, OSCs based on a series of
water-soluble ZnPc, with varying numbers of sulfonate peripheral substituents, and
Ceo have been fabricated and characterized [284]. The number of sulfonate
substituents affects both the V. and J. device values, with the disulfonated ZnPc
being the one best performing (0.46% efficiency under standard conditions).
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Additionally, the number of negatively charged substituents determines the mor-
phology of the ZnPc thin film, which in turn affects device performance. Develop-
ing water-soluble acceptor molecules, in order to provide both an environmentally
friendly and an inexpensive route towards fully water-processed OSCs, is the next
cornerstone in this research area.

8 Conclusions

OSCs promise to occupy a central position in the future renewable energy policy.
They offer a cheaper and more flexible alternative to silicon-based solar cells. In
all-organic photovoltaic devices, it is widely accepted that carbon nanostructures,
such as fullerenes and CNTs, are the best electron-acceptor materials for being
integrated in DA planar or bulk heterojunctions. In addition, molecules or polymers
able to efficiently absorb sunlight and transfer its energy by electron transfer to
the acceptor are necessary. (Sub)Pcs have been benchmark materials in the field
of OSCs for more than 20 years, due to their dual nature as electron-donor and
light-harvesting molecules.

When these chromophores are integrated in molecular systems with fullerenes,
through either covalent or non-covalent interactions, they lead to efficient electron
transfer processes. Hence, such molecular systems (in solution) are excellent
mimics of photosynthetic systems and give valuable information on the organiza-
tional requirements to achieve charge separation in thin film devices. The
incorporation of (Sub)Pc and fullerene derivatives in solar cells have led, through
years of development of the material design and device architecture, to PCEs of
ca. 5%. When the dual function of (Sub)Pcs is combined with organic conjugated
polymers and fullerenes, the efficiency of the cells can even be increased.

More recently, systems in which Pcs are attached to CNTs are attracting
much interest. Furthermore, it is noteworthy that Pcs are regarded not only as
donors but also as acceptors, depending on their structure and on the photoactive
counterpart they are confronted with. The possibilities of utilizing Pc/CNT hybrid
materials or substituting fullerenes by electron-acceptor (Sub)Pcs in OSCs is
currently being explored in several laboratories around the world and may give
in the near future a new impulse to this technologically important research field.
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Nanotubes at Interfaces: Toward
Applications
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Abstract The properties at interfaces play important roles in biology and electronics.
In the last 20 years, new carbon allotropes, like carbon nanotubes, have emerged as
novel suitable substrates for the production of derivatives with wide range of techno-
logical applications. Since then, a great attention has been drawn in the study of the
biological and technological properties of these novel allotropes at interfaces. Among
the plethora of chemical reactions adopted to improve the properties of these
nanostructured carbon species, the one employing supramolecular approaches have
rapidly increased during the last years. In this chapter we will review the supramolecular
approaches aimed at the functionalization of these carbon-based nanostructures focus-
ing on their properties and applicative uses as self-organized materials at interfaces.
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1 Introduction

Interfaces can be considered as the shared boundary between two phases, bodies or
spaces. The interfacial properties between different phases are of fundamental
importance in both chemical and life sciences, since they are involved in many
bio-technological fields. As an example, the production of novel materials heavily
involves interfacial processes: thin film deposition and growth onto substrates are
often dictated by surface effects, and some examples are related to coatings and
paint production and latex films. In tribology, the science and engineering of
interacting surfaces in relative motion, the phenomena of friction can be reduced
by lubrification, which is a pivotal surface phenomenon. Lubrication, catalysis and
electrochemistry, crystal growth, all occurs at solid/liquid interface. In the
biological domain, dynamics and structure of bio-membranes, which surrounds
both cell and its internal organelles, play critical roles in fundamental physio-
pathological processes. As an example, cell—cell interactions not only lead to the
formation of differentiated tissues, but are also the basis for third-body recognition
by our immune system. Also energy production biological pathways, like photo-
synthesis in chloroplasts and oxidative phosphorylation in mitochondrion, occur at
the interface between membranes and the surrounding environment. Those are only
a few situations in which in a proper understanding of both physical and chemical
phenomena requires a detailed interfacial-structure knowledge at molecular or even
atomic scale. It is widely accepted that interfacial physicochemical properties (for
instance, composition, wettability, or tribology) can be modified and tuned by both
inorganic- [1] and organic-based chemical modifications [2]. In the recent years,
supramolecular chemistry [3] played important roles on the control of both struc-
ture and the properties of organic molecules confined at interfaces. The use of
reversible, weak interactions has been inspired by the need to develop smaller and
smaller components in order to maximize, for example, the information storage
capabilities of silicon-based devices [4]. In this review we will focus on the most
significant advances in the use of supramolecular chemistry for the implementation
of specific carbon nanotube (CNT) derivatives displaying exploitable properties at
interfaces. The examples that we propose in this chapter, which accounts two



Supramolecular Chemistry of Carbon Nanotubes at Interfaces: Toward Applications 195

different approaches, are described: at first the supramolecular chemistry tools used
to combine CNTs’ properties with that of organic moieties (displaying useful
technological or biological functions) will be highlighted. Secondly, pristine or
covalently modified CNT derivatives (subsequently post-functionalized through
noncovalent interactions) useful for specific applications will be illustrated.
A particular focus will be given on the fundamental discoveries that might bring
these carbon-rich nanostructures closer to real applications.

2 Supramolecular Chemistry of Carbon Nanotubes
at the Interfaces

CNTs were discovered in 1991 by Ijima [5], and since then they have given a
significant contribution to the advancement of nanotechnology [6] and nanomedicine
[7]. CNTs possess excellent optical, electrical, thermal and mechanical properties [8]
and therefore they have been proposed for the production of field-emission transistors
[9], molecular electronics [10, 11], energy [12] and gas storage [13], composites
[14—-16] and biosensors [17, 18].

2.1 Carbon Nanotubes at the Solid/Liquid Interface

Several aromatic molecules, such as porphyrin [19-24], pyrene [25-27], and their
derivatives, interact with the outer SWNTs sidewalls through both hydrophobic and
n—x stacking interactions, thus allowing for their supramolecular functionalization
[28-30]. Dai and coworkers have first reported a versatile protocol for SWNT
noncovalent derivatization that allows the subsequent conjugation of (bio) molecules
onto SWNTs [31, 32]. Starting from either N,N-dimethylformamide (DMF) or MeOH
the bifunctional molecule N-succinimidyl-1-pyrenebutanoate used in their studies can
be permanently adsorbed onto the hydrophobic sidewalls of SWNTs (Fig. 1). The
N-succinimidyl-1-pyrenebutanoate molecules anchored onto SWNTs surfaces are
highly resistant to desorption in aqueous solution, allowing additional SWNTs
functionalization through succinimidyl ester groups, which are reactive to nucleo-
philic substitution by amino groups of proteins (such as streptavidin) or the useful
linker biotinyl-3,6-dioxaoctanediamine [31].

This procedure has opened up the way for the immobilization of an ample range of
molecules on the SWNT sidewalls with high specificity, for the development of
SWNT/FET and biosensors. In general, SWNT/FET devices have been found to be
responsive to many analytes at the solid/liquid interface [33, 34]. After noncovalent
functionalization of SWNT, these analytes can modulate SWNTSs conductivity in
two different manners. First, there may be a charge/electron transfer between
SWNTs and the analytes, upon changing carrier concentration (n); secondly, the
adsorbed analytes can operate as randomly distributed scattering potentials,
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Fig. 1 Representation of the irreversible adsorption of N-succinimidyl-1-pyrenebutanoate onto
SWNT outer walls. Adapted with permission from [31], Copyright 2001, American Chemical Society

therefore changing charge carrier mobility (/). The conductivity is generally defined
by G = ne [, where e is the electron charge, therefore the transistor measurements of
the transfer characteristics in the SWNT/FET devices can be distinguished between
(1) a change in carrier concentration and (2) a change in electrons mobility. Exten-
sive characterizations has established that [33], in SWNT/FET devices, changes in
n determine shifts of the threshold voltage (the voltage at which the device turns on
for the first time). The binding of electron-accepting molecules (such as NO5), to the
SWNTs usually leads to a threshold voltage shift toward positive gate voltages,
while the binding of electron-donating molecules (such as NH3) leads to a shift
toward negative gate voltages. On the other hand, a change in the mobility / results
in a change in the tilt (device transconductance), which is defined by the ratio of the
slope of the Isp—V, curve to its initial slope, where both slopes are measured at zero
gate voltage. The decrease in device mobility can be determined by geometric
deformations introduced on the nanotube structure by the properties of the analyte,
through change occurring at the intertube interface or by randomly charged scatter-
ing centres.

Stoddart and coworkers designed SWNT/FET devices with the aim to clarify the
electron/charge transfer at the donor-acceptor SWNT interface. As an example, a
SWNT/FET device, noncovalently functionalized with a zinc porphyrin moiety
[35], was employed to directly determine a photoinduced electron transfer within
the device (Fig. 2).

The SWNTs act as the electron donors, while the porphyrin molecules act as the
electron acceptors. The photoresponse of the zinc porphyrin-coated SWNT/FET
was investigated by its illumination at 420 nm, a value closer to the maximum
absorption wavelength (416 nm) of the Soret band (characteristic of the zinc
porphyrin). The photoresponse of the device causes a shift of the threshold voltage
toward positive values, suggesting hole doping of the SWNTs. The direction of the
threshold voltage shift suggest that the photoresponse occurs through the electron
transfer from the SWNTs to the zinc porphyrin, a fact which is unexpected since
porphyrins are usually considered to be electron donors [36]. A possible explana-
tion for this electron-transfer process is that, after photoexcitation of the zinc
porphyrin, some of the electrons, which had been transferred to the SWNT (ground
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state), are transferred back to the zinc porphyrin molecule in the excited state. The
magnitude of the photoinduced electron transfer was found to be a function of both
the intensity and wavelength of the applied light, with a maximum of 0.37 electrons
per zinc porphyrin for light of 100 W m™2 at 420 nm [35]. With the aim of
performing quantitative investigations on the chemical sensors based on
noncovalently functionalized SWNT/FET devices, Gruner and coworkers
synthesized a pyrene-modified cyclodextrin (pyrenecyclodextrin) derivative
[37]. They employed such hybrid to fabricate pyrenecyclodextrin-decorated
SWNT/FET devices, which can serve as chemical sensors fir the selective detection
of specific organic molecules, on the basis of their molecular recognition by the
cyclodextrin inner cavity, thus acting as the sensing host (Fig. 3).

In the presence of certain organic molecules, the transistor characteristics of the
SWNT/FET device shifted toward negative gate voltage, with the following guest
sensitivity: 1-adamantanol >2-adamantanol >1-adamantanecarboxylic acid
>sodium deoxycholate >sodium cholate. These observations suggest that the
electrical conductance of the device is highly sensitive to determined organic
molecules and moreover it changes appreciably with variations in the surface
adsorption of the aforementioned molecules. Interestingly, in the presence of the
organic molecules, the level of the transistor characteristic movements in the
SWNT/FET devices depends linearly on the strength of the complex formation
constants (KS) exhibited by the pyrenecyclodextrin device with these analytes. As a
consequence, the pyrenecyclodextrin-decorated SWNT/FET devices can be used as
chemical sensors to detect organic molecules in aqueous solution, in a selective and
quantitative manner.
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Fig. 3 Schematic drawing of the pyrenecyclodextrin-decorated SWNT hybrids and the interaction
mode with the guest analytes as the working principle of the FET device. Reprinted with permission
from [37], Copyright 2008, Wiley-VCH

It is widely accepted that the surfaces of SWNT networks, typically used as thin-
film transistors or sensors, irreversibly adsorb a wide range of analytes [38—47],
despite the mechanism has not been fully elucidated. Using thionyl chloride as a
model electron-poor adsorbate, Young Lee and Strano demonstrated that reversible
adsorption sites can be created on the nanotube array via supramolecular functiona-
lization with amine terminated molecules of pK, < 8.8 [48]. A nanotube network
composed by single, mostly unbundled nanotubes, near the electronic percolation
threshold, was necessary for the effective conversion to a reversibly binding array.
By testing different amine-containing molecules, such as pyridine, aniline, hydra-
zine, and ethylenediamine the authors reported that analyte adsorption is largely
affected by the basicity (pKy) of the surface groups. The analyte-binding energy
was apparently reduced by the adsorption on the surface chemical groups instead of
directly on the SWNT array itself. X-ray photoelectron spectroscopy (XPS) and
molecular potential calculations supports this model of adsorption mechanism. By
creating a higher adsorption site density with an amino-polymer-like polyethy-
leneimine (PEI), reversible detection at the parts-per-trillion level for the first time
was then demonstrated. It should be pointed out that some other amines, such as
benzylamine, diethylenetriamine, dimethylamine, and triethylamine determined an
irreversible binding to the sensor, as a consequence of strong device—analyte
interactions. Another example of the employment of CNT derivatives at the
solid-liquid interface is related to their general property to act as sorbents. CNTs
present large and biocompatible surface areas, which afford not only huge potential
for biotechnological applications but also promising scenario in separation science.
A survey of the published literature provides a range of applications of CNTs
serving as solid-phase extraction media [49] for the separation/isolation of organic
species [50-75] and trace metal [76-78]. In fact, Wang and coworkers used
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MWCNTs for the isolation of basic proteins from other protein species in biological
sample matrices by solid-phase extraction (SPE) [79]. After appropriate
pretreatment into a sequential injection system a microcolumn packed with
MWCNTs was incorporated. This device facilitated online selective sorption of
basic protein species like hemoglobin and cytochrome c. In fact, oxidized
MWCNTs are negatively charged at pH 6 whereas hemoglobin (isoelectric point,
pl = 7) and cytochrome ¢ (pI = 10) are both positively charged. As a consequence,
electrostatic interactions occurred between the MWCNT surfaces and the basic
proteins, therefore determining their adsorption onto MWOCNT surfaces. The
retained protein species were subsequently isolated from each other by sequential
elution from the microcolumn, by the use of appropriate eluents. Phosphate buffer
solution (0.025 mol L !at pH 8.0) allowed the efficient isolation of hemoglobin,
while a NaCl solution (0.5 mol L™") afforded the quantitative recovery of the
retained cytochrome c. By using a sample loading volume of 2.0 mL, enrichment
factors of 11 and 15 were obtained for hemoglobin and cytochrome c, with retention
efficiencies of 100% for both species and recovery rates of 98% and 90%, respec-
tively. The practical applicability of this system was demonstrated by processing
human blood for isolation of hemoglobin, and satisfactory results were obtained by
assay with SDS-PAGE.

2.2 Carbon Nanotubes at the Liquid/Liquid Interface

Through an interfacial trapping approach, Ziegler and coworkers showed that
SWNT bundles can be selectively removed from an aqueous dispersion containing
individually suspended carbon nanotubes which resulted coated with a gum Arabic
moiety [80]. After the dispersion of the nanotubes in water through the gum Arabic
interaction, a two-phase system was created by the addition of toluene. The
absorbance spectra of the bulk aqueous phase showed high absorbance, due to the
presence of both individual and bundled SWNTs. After the interfacial trapping the
absorbance of the suspension was clearly reduced, while the spectral features were
better resolved and blue-shifted (Fig. 4).

These changes are in agreement with the removal of nanotubes from the aqueous
phase, and the presence of a higher fraction of individualized SWNTs. By the
comparison of the fluorescence intensities between these solutions and the ones
obtained in similar conditions (by using ultracentrifugation), it was concluded that
the amount of individual nanotubes significantly increased.

The same group also reported on the use of the common phase-transfer catalyst
tetraoctylammonium bromide (TOAB) to afford length-dependent extraction of
SWNTs [81]. The sidewalls of the purified nanotube were functionalized with
chloroaniline sulfonate using a previously described method [82]; then, concentrated
nanotube solutions in water were prepared without surfactants. The functionalized
nanotubes showed a relatively high solubility in water and in other polar solvents
(e.g., MeOH, EtOH). As a consequence, the nanotubes were dissolved in water
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Fig. 4 (a) Absorbance and (b) fluorescence (exc. 662 nm) spectra for the interfacial trapping process
of gum Arabic-suspended SWNTs (SWNT mass concentration = 0.03 mg mL™ 1. The control spectra
(black lines) are the SWNTs after homogenization and ultrasonication. The inset shows the interfacial
trapping process in a separatory funnel. The control sample is then subjected to either ultracentrifuga-
tion (green lines) or intertacial traps (red lines). The fluorescence from specific (n, m) types is labeled.
Reprinted with permission of [80] Copyright 2008, American Chemical Society

(0.04-0.2 mg mL™") and placed in a vial. Then, a solution of TOAB in an organic
solvent (EtOAc, toluene) was added to the vial at a 1:1 volume ratio resulting in a
liquid-liquid phase system. After the two-phase mixture is shaken, the system
becomes a gray emulsion. By using an excess of TOAB, the emulsions settled and
complete extraction of the nanotubes into the organic layer occurred. It should be
pointed out that previous approaches that have involved sulfonate or other groups
[83] interacting with TOAB have shown an electrostatic interaction. It is therefore
most likely to occur that nanotubes extraction occurs via stoichiometric electrostatic
interactions between the anionic SO3~ moiety on the functional groups on the
nanotube sidewall and the cationic TOA*. Length-dependent extractions were thus
obtained by employing a substoichiometric ratio of TOAB. Under these TOAB-
starved conditions, the nanotube solubility and their colloidal interactions can be
efficiently controlled, allowing separations based on the length of the nanotubes. The
starting material had a broad distribution of nanotube lengths with an average of
275 nm. The addition of a TOAB amount enough to complex 30% of all SO3;™
moieties resulted in only very short nanotubes being extracted into the organic layer
as determined by AFM. Increased ion-pairing results in longer nanotubes being
extracted and, after 75% of the SO;~ moieties are ion paired, the length distribution
matched that of the starting material.

Niu and coworkers reported an elegant example of SWINT assembly at the water/oil
(W/O) interface, by preparing imidazolium-modified SWNTs (SWNTs-Im) [84].
At first, SWNTs-Im were dispersed in water by ultrasonication and after chloroform
addition, they remained in the upper layer. Then, after ultrasonication for few seconds
and standing overnight, SWNTs-Im spontaneously transferred onto the W/O interface.
By fixing the area of the W/O interface and controlling the concentration of SWNTs-
Im aqueous solution, films with different thicknesses were obtained. Interfacial



Supramolecular Chemistry of Carbon Nanotubes at Interfaces: Toward Applications 201

DTAB Aerosol-OT Tween

Fig. 5 Structural representation of some surfactants employed for the SWNT transfer at the
aqueous/hexane interface

assembly of SWNTs was driven by minimizing the interfacial energy, AE. Due to
SWNTs assembly from the aqueous solution to the W/O interface, AE can be given by
—nR2y0W(1—cos 0), where R, y,, and 0 represent the equivalent radius of SWNTs, the
tension of the W/O interface and the contact angle of SWNTs with the interface,
respectively. Therefore, the utilization of the W/O interface on one hand offered an
alternative pathway for assembling SWNTs but also provided a functional SWNT-
sandwiched W/O interface, which would have potential applications in electron-
transfer (ET) process. Therefore, the contribution of the SWNTs-Im to ET at the
W/O interface was investigated by scanning electrochemical microscopy,
by preparing water phases containing electroactive species (Ru(NH;)>*). Without
SWNTs-Im at the W/O interface, the tip current decreased when the tip approached the
interface (negative feedback). This means that the initial redox species (Ru(NH3)63+)
in water could not be regenerated and the diffusion of the original redox species
(Ru(NH3)63+) to the tip was hampered. However at the SWNT-Im-sandwiched inter-
face, the tip current increased when the tip approached the interface. This facet
indicated that, in the presence of SWNTs-Im, the initial form of the redox species
could be regenerated at the W/O interface.

Dordick and coworkers observed that an aqueous dispersion of purified SWNTs,
when contacted with an equal volume of hexane (or isooctane, CHCl;, or CH,Cl,)
containing a 2 mM concentration of the anionic surfactant Aerosol-OT (AOT,
1,4-dioctoxy-1,4-dioxobutane-2-sulfonic acid, Fig. 5), led to SWNTSs transfer from
the aqueous phase to the interface [85]. The interfacial assembly was also observed
when a dispersion of SWNTs in hexane was poured in solutions of the neutral
surfactant Tween (Polyoxyethylene (20) sorbitan monolaurate), the cationic surfactant
dodecyltrimethylammonium bromide (DTAB), or the cationic lipid 1,2-dimyristoyl-
3-trimethylammonium propane (DMTAP).

On the basis of these observations, the authors reasoned that the nanotubes could
be exploited as carriers for the transportation of proteins to an aqueous—organic
interface, enabling the possibility to enhance the rate of interfacial (bio)
transformations. As an example, they adsorbed onto SWNTs the protein soybean
peroxidase (SBP), which requires a hydrophobic phenol and the hydrophilic H,O,, in
order to test interfacial catalysis [86]. In the presence of AOT, the SWNT-SBP
conjugates assembled at the hexane—water interface. By using UV-Vis spectroscopy
no protein or SWNTSs were detected in either of the bulk phases. The catalytic activity
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of the interfacial SWNT—SBP was determined using p-cresol, a model peroxidase
substrate. Consequently, the product was detectable only in the organic phase, with an
initial reaction rate for interfacial SWNT—SBP of ca. 75 nM s~ '. This rate is three
orders of magnitude higher than what is observed with identical enzyme
concentrations either for native SBP or SWNT-SBP in the aqueous phase of a
biphasic system in the absence of AOT or for native SBP in the aqueous phase in
the presence of AOT.

Valcarcel and coworkers employed MWCNTs as extractant for the benzene,
toluene, ethylbenzene, the three xylenes isomers (ortho, meta, and para) and styrene,
all referred as BTEX-S [87]. The detection was carried out through headspace/gas
chromatographic/mass spectrometric (HS/GC/MS) determination of different olive
oil samples [88]. BTEX-S are substances that are emitted from a variety of sources
into the environment, including aerosols, combustion products of fuels and wood,
adhesives, industrial paints and degreasing agents. Their lipophilic nature and
common presence in the environment (air, water, and soil) lead to their accumulation
in foodstuffs, as fats and edible oils. In this work they employed surfactant-coated
MWCNTs as additive in liquid—liquid extraction (LLE) for the determination of
single-ring aromatic compounds in olive oil samples. After sample treatment, the
aqueous extracts collected by this way were analyzed by HS/GC/MS, permitting the
quantification of BTEX-S within ca. 15 min. Each step of the reported LLE/HS/GC/
MS setup determines a selectivity enhancement, avoiding the interference of other
compounds of the sample matrix. The detection limits resulted in the range of
0.25 ng mL~! (obtained for ethylbenzene) and 0.43 ng mL ™! (for benzene).

2.3 Carbon Nanotubes at the Gas/Solid Interface

Ha and coworkers studied the effects of molecular adsorption on the electrical
properties of carbon nanotube gas sensors over a wide range of gas concentrations
[89]. Gas sensors were fabricated by depositing one to two drops of a solution of
purified SWCNTs and dichloroethane on Au electrodes pre-patterned on a SiO,
500-nm/Sil00 substrate. SWNT networks functionalization with polyethyleneimine
(PEI) or nafion was carried out by following previously reported conditions [90]. The
p-type characteristic was maintained after functionalization of the device with PEI,
contrary to the case of individual SWCNTs in which the PEI coating changes the
behavior from p-type to n-type due to electron donation of the amine groups in PEL In
the linear /—V/, region, dI/dVg is about 1.1 x 10~7 A/V for both raw (Vsp = 50 mV)
and PEI-coated (Vsp = 200 mV) networks. From the relation dl/dV, = ,uh(C/Lz)VSD
where C is the capacitance and L is the distance between source and drain, the hole
mobility u;, decreased by about four times after PEI coating, suggesting that the local
deformations of the electronic structure at the PEI-adsorption sites acted as scattering
center for conducting carriers. These observations highlight that the PEI coating
decreases both hole concentration and hole mobility in CNTs because the conductance
decreases by about ten times after PEI coating. The nafion coating, however, did not
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Fig. 6 (a) Structural representation of the Eug complex, which contains eight Eu®* cations (red
circles) coordinated within a 1,8-naphthalimide-terminated, G3-PAMAM dendrimer core. (b)
Detailed view of the Eug complex illustrating Eu®* ions coordination domains. Reprinted with
permission of [91] Copyright 2009, Nature Publishing Group

cause any noticeable change in the /—V, characteristics. The conductance of
PEI-coated devices increases rapidly when exposed to NO,, but the conductance of
the nafion-coated devices decreases upon exposure to NH3 molecules. Neither device
exhibits any noticeable change upon exposure to pure N,, O,, Ar, or H,, the major
components of the air.

The simple and tough architecture of microelectronic devices based on carbon
nanotubes, along with their environmental sensitivity, places them among the most
important candidates for incorporation into ultraportable or wearable chemical analysis
devices. Star and coworkers described the spectroscopic and electrical behavior of
simple chemiresistor devices composed of SWNT networks decorated with an
oxygen-sensitive Eu*-containing dendrimer complex [91]. Complexes that contain
lanthanides show solution-phase sensitivity toward oxygen, a characteristic that the
authors exploited by immobilizing a Eug-G3-PAMAM-(1,8-naphthalimide) dendrimer
on highly conductive and optically transparent SWNT-based devices (Fig. 6).

In the Eug structure, the 1,8-naphthalimide groups act as sensitizing moiety.
Specifically, photoexcited electrons in the excited naphthalimide singlet state
undergo intersystem crossing (ISC) into a triplet state (T3) and subsequent energy
transfer into the accepting levels of the Eu** ions produces the sharp Eu**-centered
emission bands in solution. The reversible and reproducible quenching effect of
oxygen on the solution-phase Eug-emission intensity is in accordance with its
predicted behavior. However, it was then found that the Eu’"-centered emission
bands show a larger sensitivity to oxygen compared with the 1,8-naphthalimide
band. The relative emission intensity of solid-state Eug (drop casted onto a quartz
substrate) was constant when cycled between atmospheres of pure oxygen and
argon, which highlighted a fundamental difference between the behavior of solid-
state and solution-phase samples. Indeed, after illuminating the sample with 365-nm
light for 30 min (in flowing argon), the emission profile of the solid-state Eug
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developed sensitivity toward oxygen such that the intensity decreased after illumi-
nation and partially restored under flowing oxygen.

By using simultaneous ultraviolet—visible-near-infrared (UV—Vis—NIR) absorbance
spectroscopy and network conductance measurements on Eug-SWNT devices, they
found that the underlying SWNT network was able to transduce changes in the
electronic properties of the Eug layer during illumination with 365-nm light and
exposure to pure oxygen gas. After an illumination period of 30 min the device
experienced a decrease in the first semiconducting SWNT absorption band. Addition-
ally, illumination triggered an increase in the network conductance. By combining the
optical and electrical resistance measurements, the Eug-decorated SWNT (Eug-SWNT)
devices demonstrate a linear sensitivity toward oxygen gas in the environmentally
relevant concentration range of 5-27% when they operate at room temperature and
ambient pressure, which represents an important step in the development of small-scale
and low-power detection platforms for oxygen.

In another avenue, Strano and coworkers reported the ability to engineer molec-
ular reversibility of the gas adsorption onto polymer-functionalized SWCNTs
sensor array to enable the development of new types of nanoelectronic devices
for analyte detection using microelectromechanical system (MEMS)-based micro
gas chromatography (PGC) [92]. An interdigitated electrode design was chosen to
maximize the nanotube surface area for analyte adsorption, as predicted from their
model. A SWNT network was formed across the electrodes through ac dielectro-
phoresis; then, polypyrrole (PPy), an amine of pK, = 5.4, was selected as a
functionalization material for the binding of dimethyl methylphosphonate
(DMMP), a nerve agent simulant, at the end of a pGC column.

Control experiments with only PPy on the electrode gap showed no response to
DMMP, whereas a typical change in sensor conductance, upon device exposure to
1 mL pulses of DMMP vapor, was assessed. The responses have fallen within the
ppb range and were completely reversible, with full width at half maximum
(FWHM) of only about 4 s. The decrease in conductance was attributed to
electron-donating DMMP molecules adsorbed on p-type semiconducting SWNTs.

Also the response from unfunctionalized sensors was reversible, but only after
PPy functionalization, the sensitivity was increased by three orders of magnitude,
with the reversibility retained. With H, carrier gas flowing at 40 psi, a DMMP
headspace (2 mL) was manually injected (<0.3 s) at a 7:1 split and the conductance
was monitored (Fig. 7). The injector and column temperature were 250°C and
30°C, respectively. The sensor response was reversible and negative, with full
width at half maximum (FWHM) of 26 s. The 150-ppb pulse corresponds to
approximately 10° DMMP molecules, a number that was confirmed by the down-
stream flame ionization detector (FID). This experimental approach and the
reported detection limits (as low as 10° molecules) were not demonstrated before
with any similar analytical platform.
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Fig. 7 Reversible SWNT sensor integration within a pGC column. (a) DMMP pulses through the
UGC column detected by a PPy-functionalized sensor. A 150-ppb pulse corresponds to 10° DMMP
molecules. (b) Response of a PPy-functionalized sensor to a DMMP pulse through a conventional
fused-silica column. The peak is much sharper (FWHM ~ 3 s) than that from the pGC column
(FWHM ~ 26 ). This is because of peak broadening in the pGC column, as confirmed by the FID
signal (inset) (Reprinted with permission of [92] Copyright 2008, Wiley-VCH)

2.4 Carbon Nanotubes at the Biological Interface

Several CNT properties, like the optical adsorption in the visible near-infrared
(Vis-NIR) region [93], the electrical conductivity [8, 94], and the wide chemical
processability [28, 29, 95], make these carbon allotropes very attractive for biomedical
applications [32, 96-98]. The most relevant studies of CNT employment at the
biological interface are related to their use as substrate for cellular growth [99-107],
as drug-delivery and anticancer platforms [7, 108—111] and as gene transfection or
silencing mediators [112—-117]. As substrates for cellular growth, CNTs and CNT
derivatives were successfully employed for neuronal cells growth and differentiation
[99-103, 105, 106]. The rationale consisted in the consideration of both CNTs electrical
conductivity and high length-to-diameter ratio, which allows comparing them to the
natural occurring dendrites and axons. Prato and coworkers demonstrated the possibil-
ity of using carbon nanotubes (CNTs) as potential devices able to improve neural signal
transfer, while supporting both cell adhesion and dendrite elongation processes
[102]. At first, they performed 1,3 dipolar cycloaddition on MWCNTs, in order to
impart them organic solvent solubility, allowing for a product purification [118]. The
MWCNTs were then deposited onto glass coverlips, which were subsequently heated at
350°C in order to defunctionalize the MWCNTs and leave a purified and
nonfunctionalized materials on the glass surface. The problem of CNT integration
within a functional neuronal network was addressed by using hippocampal neurons
isolated and seeded directly on glass coverslips, taken as control, or on a film of purified
CNTs, directly layered on glass as described above (Fig. 8).

To investigate neural network activity when neurons grew integrated to a
CNT substrate, they used single-cell patchclamp measurements. They monitored the
occurrence of spontaneous postsynaptic currents (PSCs), since the appearance of
PSCs provides clear evidence of functional synapse formation. Under these
conditions, neurons deposited on CNTs displayed on an average of sixfold increase
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Fig. 8 SEM image of a neonatal hippocampal neuron growing on dispersed MWNT after 8 days
in culture. Reprinted with permission of [102] Copyright 2005, American Chemical Society

in the frequency of spontaneous PSCs (6.67 + 1.04, n = 15 cultures, five culture
series). Then, they further investigated the possibility that CNT substrates affected the
balance between inhibition and excitation, by estimating the percentage of excitatory
PSCs toward the total number of PSCs. This value was similar in control (64 + 8%,
n = 4cells)and CNT (64 + 3%, n = 4 cells) sister-cultured neurons. The increase in
the efficacy of neural signal transmission could be related to the specific properties of
CNTs materials, such as the high electrical conductivity. Because the transmembrane
voltage is a quantity of interest that will affect voltage-dependent membrane processes
[119], nanotubes could in principle provide a pathway allowing direct electrotonic
current transfer, causing charge redistribution along the surface of the cell membrane.
This could account for a reinforcement of a direct electrical coupling between neurons.
In a more recent work, the authors showed, by using single-cell electrophysiology
techniques, electron microscopy analysis and theoretical modeling, that nanotubes
improve neuronal responsiveness by forming tight contacts with the cell membranes
that might favor electrical shortcuts between the proximal and distal compartments of
the neuron [120]. The authors thus proposed the “electrotonic hypothesis” to explain
the physical interactions between the cell and nanotube, and the mechanisms of how
carbon nanotubes might affect the collective electrical activity of cultured neuronal
networks. On the basis of these findings, it is possible to predict a further research
interest in developing novel carbon nanotubes-neurons integrated platforms.

Jan, Kotov and coworkers have recently reported an interesting example of
differentiation of mouse neural stem cells (NSCs) on layer-by-layer assembled
SWCNT composite [105]. SWNTs were dispersed in a poly(sodium 4-styrene-
sulfonate) (PSS, 1 wt%) solution and then LBL assembled with the polyelectrolyte
polyethyleneimine (PEI). The resulting thin film was referred as (PEI/SWNT)s.
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To explore the actions of NSCs on LBL-assembled SWNT composite films, mouse
embryonic 14-day neurospheres (spherical clonal structures of NSCs) from the
cortex were seeded and induced to differentiate on the top of round glass coverslips
coated with (PEI/SWNT)s. As a control, neurospheres were also seeded and
differentiated on poly-L-ornithine (PLO) coated coverslips, a standard substratum
commonly used for NSC cultures and biochemical studies. In this study,
neurospheres efficiently adhered to both types of substrates and developed neural
processes away from the edge of the neurospheres as early as after 1 day in culture.
The lengths of processes from differentiated NSCs constantly increased over the 7-
day culture time. During this time, neural processes developed on PLO-coated
substrates remained longer than those developed on (PEI/SWNT)4-coated
substrates; however, the differences were not particularly marked. These cells
extended long neurites that developed into many secondary processes, branching
in many directions on the surface. The original shape of the NG105-15 cells is round
and fairly small; therefore, such morphology was a clear evidence of the occurred
successful cellular differentiation. The authors then attempted to stimulate the cells
by passing current through the nanotube film. The shape of the recorded transients
resembles that of the whole-cell stimulation curves obtained for intrinsic excitation
with an inserted pipette electrode. These representative currents were evoked by
100 ms, 1-2 pA pulses across the nanotube film at 1 Hz. After an initial capacitive
charging artifact, the cells showed strong inward Na* currents, which were similar in
duration and magnitude to those produced by step changes in membrane potential.
All the cells that reported inward currents with defined voltage changes could also be
stimulated via extrinsic stimulation through the (PEI/SWNT)s-coated substrates.
These observations are evidence of the natural electrical response of the cells to
excitation through the laterally applied voltage to the nanotube film, suggesting that
such materials can be employed to electrically determine significant ion conductance
in neuronal cells.

An interesting example that involved the interfacing of CNTs with cell membranes
was reported by Bertozzi and coworkers. In such study, the authors coated CNTs with
a biomimetic polymer designed to mimic cell surface mucin glycoproteins [121]. The
polymers were based on a poly(methyl vinyl ketone) [poly(MVK)] backbone
decorated with R-N-acetylgalactosamine (R-GalNAc) residues. These sugar residues
are reminiscent of the O-linked glycans that decorate mucin glycoproteins. The C;g
lipid tail provided a hydrophobic anchor for CNT surface assembly (Fig. 9a).

The so-coated CNT derivatives were stable in aqueous solution for several months
without desorption of the polymer coating. They termed CNTs coated with Cyg-
terminated GalNAc-conjugated polymers “C;s-MMCNTs,” where “MM” denotes
“mucin mimic.” To interface these functionalized CNTs with cells, they took advan-
tage of the Helix pomatia agglutinin (HPA), a hexavalent lectin that is specific for
R-GalNAc residues and is capable of cross-linking cells and glycoproteins. The
authors reasoned that the complex of HPA with C,g-MM-coated CNTs would possess
sufficient available HPA binding sites for further complex formation with cell-surface
bound glycoproteins. Alternatively, HPA bound to cell surface glycans would present
binding sites for GalNAc residues on C,;g-MM-coated CNTs. In either situation,
binding of HPA to GalNAc residues will allow specific interaction of the cells and
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Fig. 9 (a) Structural representation of Cg-terminated, R-GalNAc-conjugated mucin mimic (Cg-
R-MM), which assemble on CNT surface through hydrophobic interaction in aqueous media,
imparting CNTs water dispersability. (b) CNTs interaction with cell surfaces via carbohydrate-
receptor binding. In pathway I, C;g-R-MM-coated CNTs were first bound to HPA, a hexavalent R-
GalNAc binding lectin. The complex was then interfaced with cell surface glycoconjugates using
the available HPA binding sites. In pathway II, HPA was first bound to cell surfaces and then the
remaining available HPA binding sites were then bound to R-GalNAc residues on C;g-R-MM-
coated CNTs. Reprinted with permission of [121] Copyright 2006, American Chemical Society

Cyg-0-MM-CNT

CNTs. They then complexed C;g-MM-coated CNTs with HPA-FITC, and the protein-
modified CNTs were then incubated with Chinese hamster ovary (CHO) cells. The
labeling observed by fluorescence microscopy and flow cytometry analysis suggested
the formation of GalNAc-HPA complexes at both the CNT and cell surfaces. To
evaluate pathway II (Fig. 9b), the authors required a method for the direct detection of
Cig-MM-coated CNTs independent from HPA. Thus, they synthesized a C;3-MM
polymer in which about 3% of the GalNAc residues were substituted with the
fluorescent dye Texas Red (C;s-MM/TR). CHO cells were incubated with unmodified
HPA to introduce GalNAc receptors onto the cell surface. The cells were then
subjected to different concentrations of C;g-MM/TR-coated CNTs and then screened
by flow cytometry. Dose-dependent labeling was observed and the labeling was
dependent upon precomplexation of the cells with HPA. Therefore, the glycopolymer
coating imparts biocompatibility to the CNTs and also generates a way for specific
cell surface interaction. Other examples of carbohydrate-modified CNTs have been
recently reviewed by Zhao and Stoddart [30].

Other elegant examples of supramolecular CNT derivatization to elicit impor-
tant biological properties were reported by Dai and coworkers. They found that
the molecule 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(PEG)»go
(PL-PEG-NH,) irreversibly adsorbs onto the outer sidewalls of SWNTs, by the
interaction of the aliphatic portion of the phospholipidic moiety. This molecule is
therefore very useful because the polyehtylenic core imparts water solubility and
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Fig. 10 Structural representation of the phospholipid-based universal functionalizing agent used
by Dai and coworkers for the production of functional moieties useful toward different
bioapplications, from drug-delivery to genetic expression interference

moreover offers a terminal amino group suitable for the further attachment of
several biomolecules (Fig. 10).

For instance, PL-PEG-NH, was functionalized by carbodiimides chemistry with
the folic acid (FA), a naturally occurring product that can be easily internalized in
several cell lines that express the membrane-bound folate receptors (FR) [122].
FR are overexpressed in several kinds of cancerous cells and for this reason the
SWNT/PL-PEG-NH-FA bioconjugate (Fig. 10) was used to target and selectively
internalize SWNTs in to FR overexpressing cancerous cells. The goal of such study
was to exploit the SWNTs property of adsorb light in the visible and near-infrared
(Vis—NIR) regions and to convert it into heat, in order to selectively kill the cancerous
cells through the photothermal effect. To exploit this system, FR-positive HeLa cells
(FR + cells) with overexpressed FR on the cell surfaces were obtained by culturing
cells in FA-depleted cell medium. Both FR + cells and normal cells without abundant
FRs were exposed to SWNT/PL-PEG-NH-FA for 12-18 h, washed, and then
radiated with 808-nm laser (1.4 W cm ™ ?) continuously for 2 min. After the NIR
radiation, the authors observed extensive cell death for the FR + cells, evidenced by
drastic cell morphology changes, whereas the normal cells remained unaffected and
exhibited normal proliferation behavior over 2 weeks. In another study, the same
authors anchored the cisplatinum derivative [Pt(NH3),Cl,(OEt)(O,CCH,CH,CO,H)]
onto the PL-PEG-NH, moiety adsorbed onto SWNTs to use them as longboat prodrug
delivery systems for platinum (IV) (Fig. 10) [123]. Also in this case, as a way to anchor
this carboxyl group bearing cisplatinum derivative to the PL-PEG-NH, moiety,
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carbodiimides chemistry was used, allowing to obtain a SWNT longboat (SWNT/PL-
PEG-NH-cisPt) with an average loading of 65 platinum (IV) centers per nanotube, as
evaluated by atomic absorption spectroscopy (AAS). In order to evaluate the feasibil-
ity of this method for delivering a toxic dose of platinum, the authors conducted
cytotoxicity assays of SWNT/PL-PEG-NH-cisPt using the testicular carcinoma cell
line NTera-2. MTT assay was employed to assess cell viability, on a time lapse of 4
days, with either the free platinum (IV) complex or the SWNT/PL-PEG-NH-cisPt.
Compared to cis-[Pt(NH3),Cl,] (ICsq 0.05 uM), the cytotoxicity of the asymmetrically
substituted [Pt(NH3),Cl,(OEt)(O,CCH,CH,CO,H)] was one order of magnitude less
effective (ICso = 0.5 uM) and also the amine-functionalized SWNTs/PL-PEG-NH,
showed negligible cytotoxicity. The SWNT/PL-PEG-NH-cisPt conjugate, however,
showed a substantial increase in toxic character with respect to that of the free complex
(IC50 = 0.02 uM) and surpasses that of cis-[Pt-(NH3),Cl,] if compared on a per
platinum basis. In another example by the same group, by employing the heterobi-
functional cross-linker sulfosuccinimidyl 6-(3'-[2-pyridyldithio]propionamido)
hexanoate (Fig. 10) the authors obtained SWNT/PL-PEG-NH-linker able to anchor
thyolated DNA and short interfering RNA (siRNA). By immobilizing these
derivatives onto pristine SWNTs, they were able to obtain bioconjugates that showed
enhanced activity as carriers for the nucleic acid derivatives inside cancerous HeLa
cells [113] and human T lymphocytes [115]. In the former work with the HeLa cells,
the ability to release the nucleic acids inside the cells, through the lysosomal-confined
cleavage of the disulfidic bonds was assessed [113]. They used lamin A/C (a protein
present inside the nuclear lamina of cells) gene silencing mediated by a particular
siRNA sequence and compared the results obtained with SWINTs (acting as carriers)
with existing transfection agents. HeLa cells were incubated with SWNT/PL-PEG-
NH-siRNA for up to 24 h, fixed 48-72 h later and stained with antilamin and a
fluorescently-tagged secondary antibody. For comparison, they also employed a
commercial transfecting agent (lipofectamine) for siRNA delivery. Confocal imaging
revealed significant reduction in lamin A/C protein expression by SWNT/PL-PEG-
NH-siRNA relative to untreated control cells. Furthermore, flow cytometry data
showed that for a given siRNA concentration, the percentage of silencing with
SWNT/PL-PEG-NH-siRNA was greater than the one obtained with lipofectamine-
siRNA. When they interfaced SWNT/PL-PEG-NH-siRNA with lymphatic T cells
they investigated SWNT delivery of siRNA against CXCR4, a cell-surface coreceptor
required for HIV entry into human T cells and infection. 50-60% knockdown of
CXCR4 receptors on H9, Sup-T1, and CEM cells incubated in a solution of SWNT/
PL-PEG-NH-siRNA ([siRNA] about 50 nM) for 24 h and approximately 90% silenc-
ing efficiency was observed upon incubation for 3 days [115]. Also Prato and
coworkers reported elegant supramolecular strategies to functionalize CNTs with
nucleic acids to alter the expression of selected genes. In fact, after 1,3 dipolar
cycloaddition of azomethyne ylides, it was possible to introduce a significant amount
of amino functionalities to CNTs, which are positively charged in the biological
context [96, 108—111, 124]. Since nucleic acids possess the negative charges arising
from the phosphate backbone, electrostatic interaction between the ammonium CNTs
and plasmidic DNA was at first studied [114, 125].
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Fig. 11 Structural representation of ammonium-functionalized CNTs used by Prato and
coworkers for the supramolecular immobilization of DNA. Reprinted with permission of [114]
Copyright 2005, American Chemical Society

The ammonium-functionalized CNTs employed in this study were SWNT-
NH;*, MWNT-NH;*, and lysine-functionalized SWNT (SWNT-Lys-NH;")
(Fig. 11). As a plasmidic DNA the authors employed pCMV-Bgal, a 7.2-kb
eukaryotic expression vector which brings the genetic information for the synthesis
of p-galactoxidase. CNT-DNA complexes were analyzed by several analytical
techniques, such as surface plasmon resonance, scanning electron microscopy,
PicoGreen dye exclusion, and agarose gel shift assay. The results indicate that all
three types of ammonium CNTs were able to complex the plasmidic DNA (with
different degrees of affinity) and suggested that both CNT charge density and
surface area are important parameters that determine the interaction between
ammonium CNTs and DNA. The authors then focalized on the gene-transfer
efficiency of the various CNT/DNA complexes by transfecting model cell lines
(A549 cells). SWNT-NH;" appears to be most efficient in gene transfer when
complexed to DNA at an 8:1 charge ratio, while SWNT-Lys-NH;* appears most
efficient at a 1:1 charge ratio. Interestingly, the PicoGreen data indicate that, at
these charge ratios, approximately 30% of DNA is free to interact with the dye in
the case of SWNT-NH;" and a noticeably similar 25% of DNA is free in the case of
SWNT-Lys-NH5". In the case of MWNT-NH;", since DNA is fully condensed even
at very low charge ratios, there was not much difference in their transfection
efficiency across all charge ratios and DNA dose studied.

The same research group has also demonstrated that also siRNA payloads can be
efficiently delivered in to mammalian cells by using a dendron-functionalized
MWNT series, where the dendron is an alkylated poly-amidoamine (PAMAM)
specie bearing 2 (for generation 1, G1 MWNTs) or 4 (for generation 2, G2
MWNTs) net positive charges per dendron unit [116]. Human cervical carcinoma
(HeLa) cells were then incubated with the dendron-MWNTs complexed with a
noncoding siRNA sequence, which was fluorescently labelled at the 3’ end with
Atto 655 that emits light in the far-red region (4., = 690 nm). Each conjugate of
the synthesized dendron-MWNT series was then complexed with the fluorescently
labelled siRNA, by using previously optimized conditions (16:1 mass ratio)
[117]. By this way, the cellular uptake of the different dendron-MWNT/siRNA
was observed using confocal microscopy under identical analytical conditions. The
confocal imaging results showed that the dendron-MWNTs with increased degrees
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of branching (G2 MWNTs) exhibited more effective intracellular siRNA delivery
than did zeroth-generation MWNTs and its alkylated derivative, while almost no
uptake of siRNA alone was detected. Both the siRNA and the dendron-MWNTs
were internalized within the cell cytoplasm, but it was not clear whether the siRNA
was detached from the dendron-MWNTs intracellularly. The fluorescent signal
from the Atto 655-labelled siRNA was found to be diffused throughout the cyto-
plasm of cells treated with the dendron-MWNT:siRNA complexes, without any
indication of localization in intracellular compartments such as vescicles (usually
evidenced by highly fluorescent pockets within the cell). The cellular morphology
did not seem to be affected by the dendron-MWNTs used in these studies,
suggesting that the siRNA uptake was not a consequence of cellular damage but
most probably due to translocation of the dendron-MWNTs through the plasma
membrane.

3 Conclusions

In the past years a great scientific effort has been done toward the production
supramolecularly functionalized CNT derivatives with peculiar properties at both
physical and biological interfaces. Many of the examples proposed in this text are
proof of principles of the enormous technological impacts that CNT derivatives
might bring in the next future. Nevertheless, despite the production of pristine
fullerenes and CNTs has reached industrial large-scale production, most of the
aforementioned examples suffer from the feasibility of scale-up conditions, mostly
due to expensive experimental procedures and low yielding processes. Samples’
inhomogeneity, due to the dissimilar material properties as a consequence of
different production methods and purification strategies, determines a further limi-
tation for their current employment in real applications. However, the supramolec-
ular approach has proven to hold great promises in both development and
production of new functional materials with defined structural organization of
these novel carbonaceous nanostructures. Probably, most of the current limitations
will, one day, be overtaken [126].
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Oligomers from sp-Hybridized Carbon:
Cumulenes and Polyynes

Stephanie Frankenberger, Johanna A. Januszewski, and Rik R. Tykwinski

Abstract Carbon-rich organic compounds are candidates for use in a wide range of
new technologies. Particularly interesting are materials with a framework of pure
carbon, namely the allotropes. Much is known about the most common allotropes,
diamond (sp>-carbon) and graphite (sp>-carbon), as well as the newer allotropes,
fullerenes, nanotubes, and graphene. On the other hand, little is known about the
allotrope constructed from sp-hybridized carbon atoms, a material commonly
called carbyne. Without a defined sample of carbyne to study, synthetic chemists
have attempted to model the properties of carbyne through the formation of defined
length oligomers based on a cumulene or polyyne skeleton. Spectroscopic analysis
of these series of oligomers by vibrational (IR and Raman), NMR, and UV/Vis
spectroscopy has outlined some of the potential properties of carbyne. Likewise,
X-ray crystallographic analyses give further clues as to the structure of carbyne.
This review will highlight selected synthetic methods for cumulenes and polyynes,
and it then summarizes characterization data related to structure and bonding in
these molecules.

Keywords Bond length alternation - Carbon allotropes - Cumulenes - Polyynes
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1 Introduction

Carbon-rich compounds and materials have become commonplace as candidates
for technological advances ranging from molecular wires to solar cells [1-8]. Lead-
ing the way in many cases are materials composed entirely, or almost nearly so, of
carbon, including fullerenes, nanotubes, and graphene [9]. To an organic chemist,
the connection between these materials is quite obvious, they are all carbon
allotropes derived from sp>-hybridized carbon atoms. What is, perhaps, surprising
is that the properties of each allotrope differ so broadly in spite of their common
building block, the trigonal planar sp*hybridized carbon atom. Unlike the
properties of the sp®-carbon allotropes, those derived from tetrahedral
sp3—hybridized carbon atoms, i.e., diamond, center about its hardness, heat capacity,
and insulating behavior. Like graphite, however, diamond has a long history of
technological importance [10, 11].

In considering allotropes based on carbon atom hybridization, the next logical
allotrope would be comprised of linear sp-hybridized carbon atoms [12—15]. This
would give the compound commonly called carbyne (Fig. 1). Carbyne is the most
elusive of the basic carbon allotropes, and its existence, structure, and properties
have been a controversial topic for decades [16-21]. One of the most interesting
questions surrounding carbyne has been the nature of its bonding: does it resemble a
cumulene or a polyyne?

In the absence of an authentic and well-defined sample of carbyne, organic
chemists have attempted to approximate the properties of this material through
the synthesis and study of defined length oligomers. Early work by Kuhn and
coworkers [22-27], and later by Bohlmann and coworkers [28-31], targeted the
cumulenes, but these efforts were hampered by the rather frustrating instability
shown by these compounds. Nevertheless, a number of remarkable synthetic efforts
provided several series of cumulenes, including the [r]Ph and [r]Cy series (where
n is the number of cumulated double bonds), which were extended to the point of
[9]cumulenes (Fig. 2). At around the same time, a number of groups also took an
interest in the formation of the other structural form for sp-hybridized carbon, the
polyynes. This included early independent efforts by the groups of Jones [32-34]
and Bohlmann [31, 35], as well as several others [36-38], who already in the early
1950s had realized a number of polyyne series. Exploration of the polyynes
continued to expand slowly [32, 39, 40] through to Walton’s seminal work in the
1970s [41-43].
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Fig. 1 The schematic structure of a cumulene and polyyne form of carbyne
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Fig. 2 Cumulene and polyyne series discussed in this review

Following the early work on cumulenes, little has been published over the past
50 years to improve our understanding of molecular structure in this class of
molecules. For polyynes, on the other hand, synthetic efforts over the past two
decades have made substantial progress toward helping to predict the properties of
carbyne. This review will attempt to summarize our current understanding of
structure and bonding for both cumulenes and polyynes, relying on spectroscopic
and crystallographic analyses. While quite narrowly focused on molecules
constructed of sp-hybridized carbon, there are still far too many reports to summa-
rize all works in the space of this review. Thus, several important criteria have been
used to make this review both manageable and informative. First, only polyynes
and cumulenes with carbon or silyl endgroups have been included. While the
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chemistry of organometallic polyynes [44—49] and cumulenes [S0-57] is certainly
quite interesting, bonding between the sp-carbon chain and the terminal metal(s)
complicates comparisons to organic systems. Second, only polyyne series that
include members beyond the length of a hexayne have been considered, while for
cumulenes only series that containing members longer than a [S]cumulene are
included. Finally, predominantly odd numbered cumulenes have been included,
i.e., [n]Jcumulenes with n = odd and thus an odd number of cumulated double
bonds (since conjugation between endgroups is only possible via the cumulene
chain in odd numbered cumulenes).

2 Synthesis

2.1 Cumulene Synthesis

Since the end of the 1930s, many efforts have been made to synthesize compounds
with cumulated double bonds, and various synthetic approaches have been devel-
oped [58]. In the case of shorter [#]cumulenes (n = 3, 5), a rather substantial
number of synthetic routes have been reported, and a comprehensive overview is
not possible but this work has been recently reviewed [59]. Herein, general syn-
thetic steps are outlined for [n]cumulenes series [r]Ph, [nr]F], [r]An, and [r]Cy
with n = 3, 5, 7, or 9. The synthesis of [#n]cumulenes with n = 3, 5, and 7 with
dibenzosuberenylidene endgroups has been reported, but few details are available,
see: [60]. The synthetic routes described for cumulenes are divided into two general
classes of reactions: (1) reduction reactions to achieve aryl-substituted cumulenes
and (2) elimination reactions to build up alkyl-substituted cumulenes.

2.1.1 Synthesis of Aryl-Substituted Series of [r]Jcumulenes

An important common synthetic method for [#]cumulenes is the formation of
[n]oligoyne-a,w-diols 1 followed by a final reduction step (Scheme 1). In the case
of formation of aryl-substituted [3]cumulenes, the diol precursor (1, m = 1) was
synthesized using BrMg—C=C—MgBr (2) in either Et,O (Ar = Ph) [22, 61] or
benzene (Ar = FI) [62]. The Ph-substituted diol was then reduced with HI in glacial
acid to give [3]Ph in 80-85% yield [63]; reduction by P,1, in Et,O gave 30% yield
[22]. In analogous fashion, [3]Fl was formed in quantitative yield from the
precursor diol via reduction with HI in H,O in the presence of iodine [62].

The synthesis of the diol precursor for [S]cumulenes (1, m = 2) follows the
analogous procedure using BrMg—[C=C],—MgBr (3) in a reaction with a
diarylketone in either Et,0O (Ar = Ph) [22] or Et,O/benzene (Ar = Fl) [22] with
yields of 68% and 29%, respectively. Subsequent reduction of the diol was then
affected with P,l, in either pyridine ([5]Ph, 0.2% yield) or Et,O ([S]F1, 1.6% yield)
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Scheme 1 Synthesis of aryl-substituted series of [#]cumulenes. Reactions and conditions. (a) For
Ar = Ph: Et,O, rt (no yield given). For Ar~Ar = Fl: PhH, A, 2 h (28%). (b) For Ar = Ph:
Et,O (68%). For Ar~Ar = Fl: Et,O/PhH 12.5:1 (29%). (¢) For Ar = Ph: Et,0 (30-50%). For
Ar~Ar = Fl: E,O (20%). (d) For Ar = Ph: CuCl in H,0, O,, MeOH, 8 h (no yield given). (¢) For
[31Ph: HI in CH;CO,H, 0°C, 2-3 h (80-85%) or P,1,, Et,0, 20 min (30%). For [3]Fl: HI in H,0, I, A,
3 h (quantitative yield). (/) For [S]Ph: P,14, pyr, 0°C (<1%) [Using CrCl, as a reductant, the yield of
[5]Ph and [5]F1 (94% and 89%, respectively) improved substantially, see [23].]. For [5]FI: P51, Et,0
(1.6%). (g) For [7]Ph and [7]Fl: PhH, E;N, P,l;. (k) For [9]Ph: SnCl,, HCI (10%), PhH

[22]. The yields of [S]Ph and [S]FI were very poor with these reaction conditions,
and the reduction was subsequently optimized through the use of Cr(Il) chloride
and HCl in dry Et,O. This improved the yields for [5]Ph and [5]F1 to 94% and 89%,
respectively [23].

It is interesting to note that, by providing access to the necessary diols, it was the
advances in polyyne synthesis during the early 1950s [29, 31, 33] that propelled
forward the synthesis of cumulenes beyond the length of the [S]cumulene. For the
synthesis of the diol precursor for [7]cumulene (1, m = 3), the disodium acetylide 4
was reacted with benzophenone or fluorenone [25]. The resulting diols were then
reduced in the presence of P,I; and Et;N in benzene to give [7]Ph and [7]F1
[25]. Unfortunately, neither [7]Ph nor [7]F] was sufficiently stable for isolation
as a pure solid, and yields were thus not reported.

The formation of the [9]cumulene, [9]Ph, required first the formation of the
diynol 5, which was conveniently synthesized from the reaction of Na—[C=C],—H
and benzophenone [30]. The tetrayne linked diol precursor (1, m = 4) was then
obtained by a homocoupling reaction of 5, using CuCl catalyst in H,O and MeOH
in the presence of oxygen. The reduction to [9]Ph was then carried out in benzene
with SnCl, and aqueous 10% HCI [30]. As in the case of [7]Ph, [9]Ph could not be
obtained as a pure solid due to a lack of stability. The [#]An series of cumulenes has
also been described (n = 3, 5, 7), but no specific synthetic details have been
reported, and no yields were available [64].
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2.1.2 Synthesis of an Alkyl-Substituted Series of [n]cumulenes

The second general synthetic route to [#]cumulenes was used to assemble the alkyl
cumulenes, such as the tetramethylcyclohexylidenyl terminated derivatives [r]Cy.
Unlike the aryl endcapped cumulenes, the reduction process to the [r]Cy
derivatives passed through a dibromide intermediate, rather than occurring directly
from the diol (Scheme 2) [29]. The synthesis of the oligoyne-a,m-diol precursors
6 mirrored the routes discussed in Sect. 2.1.1. With these diols in hand, the
[3]cumulene, [3]Cy, was formed directly from the diol 6 (m = 1) via reaction
with PBr; in pyridine, giving 16% yield of the desired product [29].

Reaction of diynediol 6 (m = 2) with PBr; in benzene gave the diallene inter-
mediate 7 in 71% yield. This dibromide was then subjected to Zn powder (activated
by H,SO, and I,) in Et,O to afford the [5]Cy in an excellent yield of 92% [29]. The
synthesis of [S]Cy could also be accomplished directly from 6 (m = 2) via reduc-
tion with PI; in Et;N, although this reaction gave a very poor yield (<2%) [29].

The formation of both [7]Cy and [9]Cy followed similar procedures. Bromina-
tion of 6 (m = 3 or 4) was performed with PBrj in benzene with heating. Although
no yield was provided in the case of the triyne (8, m = 3), a reasonable yield (53%)
was obtained in the case of the tetrayne (8, m = 4). Finally, reduction with Zn in
Et,0O gave the desired products [7]Cy and [9]Cy, but yields of these cumulenes
were not reported due to instability of the products [29].

a) ]
‘ m=1 N 1

BICy
Br |
Ct=tD 2 230
Pl ~ — = S
—-ﬁOH A m=2 o S
o 5 [51Cy
‘ d _Br o 7icy
m=3,4 Br m i
8 L~
[e1cy

Scheme 2 Synthesis of alkyl-substituted series of [n]cumulenes, [r]Cy. (@) PBr;, pyr, (16%).
(b) PBr3, PhH (71%). (¢) Zn (activated by HSO, and I,), Et,O (92% for [5]Cy, no yield given for
[7]- and [9]Cy). (d) PBr3, PhH, 4 h A then 12 h rt, 60-70°C (m = 3, no yield given); 75-80°C
(m =4, 53%)
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2.2 Polyyne Synthesis

In comparison with the cumulenes, there have been far more synthetic methods
explored during the last half century for building up polyynes. Many are based on
hetero- and homocoupling of acetylenic precursors, while others rely on an elimi-
nation process or the extrusion of a molecular subunit to form the polyyne chain
[14, 65]. Not all of these various methods, many of which have been reviewed, can
be discussed completely in this section. Thus, selected examples of synthetic
methods are presented, especially those that relate to longer members of polyyne
series that will be discussed later in this chapter.

Early synthetic routes to polyynes mimicked, to some extent, the formation of
cumulene precursors, as described earlier. This approach typically involved the
addition of an acetylide to an aldehyde, conversion of the alcohol to a halide,
followed by an elimination reaction. In 1953, Bohlmann used this general approach
for the first synthesis and characterization of a heptayne (Scheme 3), as part of his
study of fBu[r] polyynes (where 7 is the number of triple bonds) [66]. Reaction of
diynal 9 with Grignard 3 gave the desired diol 10, which was then converted to
dichloride 11 with thionyl chloride. Subjecting this dichloride to NaHCO;5 in
benzene and petroleum ether gave heptayne fBu[7] via elimination of two
equivalents of HCI. fBu[7] was isolated as a yellow solid that was stable to
150°C. A similar route was used in 1960 by Jones and coworkers for the synthesis
of tBu[10] [67].

Johnson and Walton reported the formation of several polyyne series via mixed
oxidative coupling reactions using triethylsilyl terminated alkynes as building
blocks [41]. For example, the synthesis of the decayne Ph[10] started with the
attempted formation of pentayne 12 via mixed Hay coupling of triethylsilyl
terminated tetrayne 13 and phenylacetylene (Scheme 4) [41]. Rather than desired
product 12, however, the product isolated from this reaction was decayne Ph[10].
It was supposed that the desilylation of 12 occurred in situ to give the terminal
pentayne, which then underwent homocoupling to give Ph[10]. Attempts to isolate
pure Ph[10] were, however, futile: concentration of a chloroform solution of

O
—— + BrMg—————=——MgBr
9 H 3
} Et,O

X X NaHCO

I — I == I = —/ ’ v =
H H PhH/pet. ether 7
10 X = OH Bu7]

) SOCl,

11 X =Cl

Scheme 3 Bohlmann’s synthesis of fBu[7]
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Scheme 4 Synthesis of decayne Ph[10] and dodecayne Bu[12] by Johnson and Walton. (a) CuCl,
TMEDA, acetone/petrol, air, 3 h. (b) 1. CuCl, TMEDA, acetone, O,, 90 min; 2. 0.1 N NaOH, MeOH,
20°C. (¢) Cu(OAc),, pyr, MeOH, H,0O, 72 h

Ph[10] from the reaction medium gave dark red needles that rapidly decomposed
exothermically.

A similar procedure was used to form one of the first known dodecaynes,
fBu[12], which was also reported by Johnson and Walton [41]. Mixed Hay coupling
using an excess t-butyl-1,3-butadiyne (5,5-dimethylhexa-1,3-diyne) and tetrayne
13 resulted in the triethylsilyl endcapped hexayne, which was neither isolated nor
characterized (Scheme 4). Rather, immediate removal of the triethylsilyl group
with NaOH gave the terminal hexayne 14. The subsequent coupling reaction
of terminal hexayne 14 under Eglinton—Galbraith conditions gave the dodecayne
fBu[12] as reddish-brown needles. The sample decomposed in less than 10 minutes
at room temperature under nitrogen.

Complementing the oxidative cross-coupling employed to form 12 and 14 was
the use of oxidative homocoupling reaction for chain extension. This method has
been used for, e.g., the synthesis of TES[12], H[12], and TES[16], as reported by
Walton and coworkers (Scheme 5) [43]. The triethylsilyl endcapped tri- or tetrayne
(15 or 13, respectively) was used in homocoupling reactions under Hay conditions
to give TES[6] or TES[8], respectively. Carefully controlled desilylation in the
presence of NaOH allowed for removal of one of the triethylsilyl groups and gave
16 and 17, which were carried on to homocoupling reactions under Hay conditions
to give TES[12] and TES[16]. While TES[12] could be isolated pure in solution
via column chromatography, samples of hexadecayne TES[16] were reportedly
characterized as mixtures that could not be purified. The dodecayne TES[12] could
be desilylated with NaOH to give H[12], which was purified chromatographically
and characterized in a solution of hexane.

In an attempt to circumvent selectivity issues associated with oxidative coupling
of terminal acetylenes, Hirsch and coworkers explored a cross-coupling route to
aryl endcapped polyynes [68]. In this reaction, the terminal acetylene 18 was
treated with n-BuLi in THF at low temperature, followed by addition of CuCl,
pyridine, and Br—[C=C],—SiMe; (Scheme 6). This gave pentayne 19, which was
then desilylated and subjected to homocoupling under Hay conditions to give
decayne OPh[10]. Interestingly, this homocoupling reaction also reportedly
resulted in the formation of octayne OPh[8] and nonayne OPh[9], which could
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Scheme 5 Synthesis of TES[12], TES[16], and H[12] by Walton and coworkers. (a) CuCl,
TMEDA, acetone/petrol, air/O,. (b) aqueous NaOH, MeOH/petrol
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Scheme 6 Synthesis of decayne OPh[10] by Hirsch and coworkers. (@) 1. n-BuLi, THF, 0°C; 2.

CuCl; 3. pyr, Br—[C=C],—SiMe;. (b) K,CO3, MeOH/THF (1:1). (¢) CuCl, TMEDA, acetone, O,
20°C. Yield could not be determined, OPh[10] obtained only as mixture with OPh[8] and OPh[9]
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Scheme 7 Synthesis of insulated wire by Hirsch and coworkers. (a) For OPh*[7]: 1. K,CO3;,
MeOH/THF (1:1); 2. Pd(PPh3),Cl,, Cul, I-C=C-I, Et;N, CH,Cl,, rt (11%). (b) For OPh*[8]: 1.
K,CO3, MeOH/THF (1:1); 2. Pd(PPhs),Cl,, Cul, Br—[C=C],—SiMes, Et3N, CH,Cl,, 0°C (1.1%)

not be separated. This same general procedure was also exploited for the synthesis
of the dendrimer endcapped polyyne series Ar*[n] [68].

As a part of their effort to encase polyynes within an insulating, protective sheath
of an alkyl group, Hirsch and coworkers reported a rather unique mode of hepta-
and octayne formation (Scheme 7) [69]. Subjecting a tethered triyne 20 to a
Pd-catalyzed coupling reaction in the presence of diiodoacetylene provided the
desired heptayne OPh*[7] in 11% yield as an orange solid. Conversely, reaction of
20 with Br—[C=C],—SiMe; under similar conditions gave OPh*[8].
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Scheme 8 Synthesis of Kratschmer—Huffman

dicyanopolyynes CN[r] conditions
Graphite - NC- +CN

NC-CN
CN[n] (n=3-8)

A homologous series of cyano-endcapped polyynes has been synthesized by
vaporization of graphite under Kriatschmer—Huffman conditions [70] in the pres-
ence of cyanogen (Scheme 8) [71, 72]. The process conveniently provided gram
quantities, and the mixture of dicyanopolyynes resulting from the reaction could be
separated from the accompanying soot by preparative HPLC, yielding CN[3]
(55%), CN[4] (35%), CNI[5] (7%), CN[6] (2%), CN[7] (0.7%), and CN[8]
(0.3%). The CN[n] polyynes were sufficiently stable in solution under ambient
conditions to allow for spectroscopic characterization, and dilute solutions were
indefinitely stable at low temperature in the dark. In the solid state, however, the
CN[rn] polyynes were only stable at low temperature in the dark.

An efficient method for the synthesis of polyynes made use of the
Fritsch—Buttenberg—Wiechell (FBW) rearrangement [73—75]. The formation of
polyynes series TIPS[n] [76], tBu[n] [77], Ad[r] [78], Ph[n] [79], and Phg[n]
[80, 81] has been accomplished via FBW rearrangement, using several variations
on a common theme that typically targets dibromoolefins as stable and readily
available precursors to polyynes [12, 82—-84]. Two examples have been outlined in
Scheme 9. Starting with either tetrabromoolefin 21 or dibromoolefin 22, FBW
rearrangement in hexanes at low temperature using n-BuLi or HexLi afforded the
unsymmetrical pentaynes 23 and 24. Desilylation of 23 with K,COj; in a mixture of
THF/MeOH (1:1), followed by homocoupling in the presence of CuCl and TMEDA
in CH,Cl, resulted in TIPS[10] [76]. In the case of pentayne 24, no desilylation step
was required, and the trimethylsilyl group was effectively removed under the
conditions of the homocoupling reaction, which was performed in a mixture of
pyr/THE/MeOH (1:1:1) with Cu(OAc),*H,O as catalyst [77].

A newly designed synthesis of polyynes with Co;C-containing endgroups was
introduced by Bruce and coworkers using gold acetylides in cross-coupling
reactions with alkynyl iodides [85-88]. The longest member of this series to be
synthesized, Co[12], was formed from the Pd-catalyzed reaction of the gold-
acetylide 25 and the diiodo-tetrayne 26 (Scheme 10) [87]. Dodecayne Co[12]
was isolated in 39% yield as a dark purple microcrystalline solid that slowly
decomposed in solution. The octayne Co[8] was also obtained in the reaction, as
a result of the homocoupling reaction of the gold-acetylide 25.

The most recent and successful synthesis of polyynes relied on the use of a
sterically demanding triarylmethyl endcapping moiety, the “super trityl” group, Tr*
(see Fig. 2) [89]. One of the main benefits of this general synthetic protocol was the
stability observed for terminal alkyne precursors, such as the heptayne 27
(Scheme 11), which allowed for chromatographic purification prior to the chain
elongation step, thus reducing the number of by-products produced. For example,
the reaction of pure 27 with 28 in the presence of excess Cu(OAc),*H,0, K,COs,
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Scheme 11 Synthesis of a 44 carbon polyyne chain by Chalifoux and Tykwinski
(a) Cu(OAc),*H,0, K,CO;, 2,6-lutidine/MeOH/CH,Cl, (1:1:1)

:1:1), rt (35%). (b) 1. CsF,
THF/H,O (5:1); 2. Cu(OAc),*H,0, 2,6-lutidine, CH,Cl, (18%)
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and 2,6-lutidine, gave 29 in 35% isolated yield. Two aspects of this transformation
were noteworthy. First, the removal of the trimethylsilyl groups of 28 was effected
in situ under the Eglinton—Galbraith reaction conditions, and this eliminated the
need for an independent desilylation step. Second, 2,6-lutidine was used in place of
the typical base, pyridine, and this was essential to the success of the reaction.
Removal of the terminal i-Pr;Si-group of 29 was achieved using CsF in a mixture of
THF/H,O (5:1), and the product was taken on directly, following workup, to the
formation of Tr*[22], which was isolated as a reasonably stable orange—red solid.

3 Structure and Bonding

Following the oligomer approach [90, 91], individual members of the cumulene and
polyyne series have typically been characterized by a variety of physical and
spectroscopic methods, often with an eye toward identifying saturation of a partic-
ular effect. For a set of oligomers, convergence of spectroscopic data versus length
to constant value (saturation) can shed light on the expected properties of the
polymeric form, carbyne. Alternatively, when saturation is not yet reached, extrap-
olation of the data versus length to an asymptotic limit can also be a useful
predictive tool. These modes of evaluating cumulenes and polyynes also depend,
quite obviously, on the presence or absence of endgroup effects. While the elec-
tronic impact of the terminal groups might be minimized by the use of potentially
benign alkyl or silyl groups, it should be noted that effects of the endcapping group
cannot be entirely eliminated. Below is a survey of common characterization efforts
that have provided insight into the structure and bonding of cumulenes and

polyynes.

3.1 Vibrational Spectroscopy

3.1.1 Cumulenes

In considering characterization of [#]cumulenes by vibrational spectroscopy, it is
noted that for [3]Jcumulenes, only r; is expected in a diagnostic range
(ca. 2000 cm_l) [58, 92] that is not obscured by other vibrations (Fig. 3). For
centrosymmetric molecules, however, v; is IR inactive because the transition is
forbidden. For [5]cumulenes, v, is also forbidden by symmetry, whereas v, is
expected in the range of 1900-2125 cm™! [58, 93, 94]. While IR spectroscopic data
for surprisingly few cumulenes have been reported, those available seem to confirm
these theoretical predictions. A weak absorption is observed at 1997 cm™ for [5]Ph, as
well as at 2000 and 2003 cm™ for the tetra(4-tolyl)- and tetra(4--BuC¢Hy)-substituted
[S]cumulenes, respectively [95]. No IR data have been published for longer
cumulenes.
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V4

Fig. 3 Schematic illustrations of vibrations for (a) [3]cumulenes and (b) [S]cumulenes
3.1.2 Polyynes

To our knowledge, no recent attempt has been made to compile vibrational data for
polyynes, and available data for series discussed in this review have thus been
tabulated in Table 1 for polyynes up to n = 14 (A comprehensive study of the series
H[~#] has not been reported and only selected values are available: [99-102]). While
in many cases IR and Raman data have been reported as only routine characteriza-
tion, there are a couple of studies that have delved deeper into the results of
vibrational spectroscopy, including the study of the Ad[n] polyynes [78]. Following
is a summary of some of the salient observations from IR and Raman spectroscopic
analysis of polyynes.

1. The IR data for many series initially show a single absorption for shorter
derivates, while multiple absorptions are found as the chain length increases.
For n > 3, the highest energy absorption typically appears at around 2200 cm™"
(except for TIPS[n] and Co[n]). This highest energy absorption frequency
remains relatively constant as n increases, and computational results attribute
this signal to the v, vibration shown in Fig. 4a, as determined for the Ad[n]
series [78].

2. At alength of between n = 6 and n = 8, two additional bands typically appear
in the IR spectra; a strong signal (v,) and a weak signal at lower energy (v3).
For example, in the spectrum of Ad[6] these two signals appear at 2170 and
2078 cm™, respectively (these vibrations are shown schematically in Fig. 4b, ¢
for Ad[10]). The energy of both bands decreases as polyyne length is increased.
This dispersion is shown graphically in Fig. 5 for the strongest band (v,) in the IR
spectra of the Tr*[n] and Ad[n] series. While the decrease in energy is nearly
linear in both cases through n = 10, a leveling of the vibrational frequency
becomes apparent for the Tr*[n] series for ca. n > 12.

3. Comparison of IR and Raman data for polyynes with n > 6 shows that the weak
low energy signal in the IR spectra consistently corresponds to the energy of the
strongest Raman signal. This phenomenon has been explained by bending of the
polyyne chain in solution, which results in a non-centrosymmetric structure and
a concurrent activation of the Raman band in the IR spectrum [78].
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V1=2223cm—‘
L 1 1 1 1 1
-10-9-8-76-5-4-3-2-1 0123454678 910
bond index
b V2=2081 cm-!
I I
. g
| | 1 1 1 |
-10-9-8-76-5-4-3-2-1 012345678 910
c

V= 1985 cm™'

I, ot I T TR NN S B B

-09-8-7654-3-2-101234567 8 910

Fig. 4 Theoretical vibrational displacements (bond length changes) and frequencies for Ad[10]
associated with the three observed vibrations vy, v,, and v3 (from PBEPBE/cc-pVDZ calculations).
The central bond of the chain is indicated by the bond index of zero. Dark bars denote C=C bonds
and light bars C—C bonds. Sinusoidal lines are superimposed onto the stick plots to facilitate
recognition of the number of nodes [78]

3.2 3C NMR Spectroscopy

With a rigid framework of sp-hybridized carbons that can be unstable for longer
derivatives, >*C NMR spectroscopy of both cumulenes and polyynes can be
challenging due to long T1 relaxation times, insolubility of the sample, and
decomposition of the material during acquisition. This is particularly true for the
analysis of cumulenes, whereas several very recent studies have provided more
details for polyynes.

3.2.1 Cumulenes

Unfortunately, no '*C NMR spectroscopic data have been reported for cumulenes
beyond the length of a [5S]cumulene, and even data describing [S]cumulenes are
scarce. Iyoda has described the characterization of several derivatives by '*C NMR
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2250 -

s * Tr[n]
2200 - = Ad[n]
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2100 A
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1900

0 4 8 12 16 20 24

Fig. 5 IR absorptions for Ad[n] (squares) and Tr*[n] (diamonds) as THF solutions and CH,Cl,
cast films, respectively (values for Tr*[n] are listed in Table 1; see also [89])

spectroscopy, including [5]Cy, which shows resonances at 6 154.3, 138.9, and
132.1 for the three unique carbons of the cumulene chain. While comparisons are
not available to longer or shorter derivatives, the effect of ring strain introduced to
the endgroup by moving to a tetramethylcyclopentylidene endgroup can be
observed, where signals are observed at & 149.7, 144.7, 132.1 for compound
30 [95].

30

3.2.2 Polyynes

'3C NMR spectroscopic analysis of a number of polyyne series has been reported
over the past decade, as summarized in Table 2 and Fig. 6, for the longest derivative
in each series. Several trends are observed that shed light on polyyne structure.

1. There appears to be an endgroup effect, as would be expected. The longest
derivative in the alkyl series (fBu[n], Tr*[n], Ad[r]) shows one downfield
resonance in the range of 69-90 ppm, while silyl and aryl endcapped derivatives
show two downfield signals over approximately the same spectral window
(70-89 ppm). In each case, the remaining resonance fall into a rather narrow
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Table 2 '*C NMR alkyne carbon resonances for [1]polyynes®

Alkyne carbon chemical shift in CDCl; (ppm) Reference
tBu[10] 89.6, 64.3, 63.8, 63.5(2x), 63.0, 62.6, 62.1, 61.6, 61.4 [77]
Ad[10] 89.2,64.7,63.9,63.7,63.5,63.1, 62.6, 62.1, 61.6, 61.5 [78]

Tr*[22] 68.66, 64.60, 64.27(2x), 64.14, 64.00, 63.91, 63.83, 63.77, 63.72, 63.66, [89]
63.61, 63.54, 63.44, 63.33, 63.15, 62.93, 62.64, 62.58, 62.29, 62.10,

57.38
TIPS[10]® 89.3, 88.8, 63.8, 63.6, 63.5, 63.2, 62.9, 62.5, 62.2, 61.0 [76]
Ph[8]° 79.1,74.1, 67.9, 64.6, 63.8, 63.75, 63.72, 63.4 [79]
Phg[8] 85.0, 70.3, 66.2, 64.4, 63.6, 62.8, 61.0, 60.8 [80]
Ar#[10]Y  78.36, 73.64, 67.24, 64.71, 64.09, 63.97(2x), 63.84(2x), 63.79 [68]
OPh([8] 77.53,73.73, 67.04, 64.45, 63.61, 63.39, 63.30, 62.57 [68]
“Median values shown in italics
°In CD,Cl,
°In THF-dg
In acetone-dg
O ONTO MMM NOD-FTITOOLONTODO o)
CEYENmQOOMNNMNOOBTM®N T OWONNT, «
R B R e R e e R B Y S S B B M~
© ©WWOODWOOODOOOOOOO OO 0
W \ 4 ’ . it —
68 66 64 62 60 58
pPpm

Fig. 6 '>C NMR spectrum of Tr*[22] in CDCl; showing sp-carbon resonances (outlying signals
at 68.66 and 57.38 ppm arise from the endmost acetylenic carbons)

range of ca. 61-67 ppm (except for Tr*[22] which also shows an upfield signal
at 8 57.38).

2. Aside from the most downfield signals, the endgroup effect is rather minimal: In
all cases, the sp-carbon resonances converge toward a median value of
ca. 63—-64 ppm. For alkyl and silyl derivatives (¢(Bu[10], Tr*[22], Ad[10], and
TIPS[10]), this range is slightly upfield (63.0-63.7 ppm) in comparison with the
aryl derivatives (63.6-64.6 ppm).
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3. Aunique resonance is observed for each sp-hybridized carbon in all cases except
for Tr*[22], in which case 21 of the 22 expected resonances are found (Fig. 6).
Thus, these remain molecular species — i.e., degeneracy of chemical shifts of the
acetylenic carbons has not yet been achieved.

4. Extrapolating from these data suggests that a '>*C NMR spectrum of the allotrope
carbyne would likely consist of a broadened signal that is centered at a chemical
shift of about 63.7 ppm (see Fig. 6). This estimate is consistent with that expected
from a polyynic framework composed of alternating single and triple bonds.

3.3 UV/Vis Spectroscopy

A semi-empirical evaluation of the electronic landscape of polyynes and cumulenes
can be obtained by UV/Vis spectroscopic characterization. Historically, this has
been the primary means of comparison of members within a homologous series of
conjugated molecules, particularly with respect to analysis of electronic effects
(e.g., band gap) as a function of length and substitution pattern. In particular,
evidence of saturation is sought, which might lead to a prediction of the band gap
of carbyne.

3.3.1 Cumulenes

The UV/Vis spectroscopic data for four series of [n]cumulenes that contain
members with n > 7 are available: three with aryl endcapping groups ([n]Ph,
[#]F]1, [r]An) and one endcapped with alkyl groups ([r]Cy). A summary of A,
values is listed in Table 3, while spectra for the [r]Ph and [r]Cy series are shown in
Fig. 7a, b, respectively. Several defining features can be observed, giving insight
into trends in the absorption energy (band gap) as a function of length and
substitution pattern.

1. Solution-state measurements show two regions of absorption bands for each
cumulene (except for [3]Cy), one at high energy and the other at lower energy
(Fig. 7a, b). In aryl endcapped derivatives, fine structure increases as a function
of length.

2. Amax values for absorptions in both the high and low energy regions are
red-shifted with increasing the chain length, as expected when conjugation is
extended.

3. Coplanarity of the endgroups with the cumulene skeleton plays an important role
in establishing the absorption energy (band gap). Specifically, A, values of
[#]F1 and [r]An cumulenes, with coplanar aryl endgroups, are found at lower
energy than A,,,x values of the analogous [#]Ph cumulenes in which the phenyl
groups are not coplanar with respect to the cumulene skeleton.
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Table 3 A, values for [n]Jcumulenes in nm (E, in eV)

S. Frankenberger et al.

n= 3 5 7 9 Reference
(n]Ph* 420 (2.95) 489 (2.54) 557 (2.23) 663 (1.87) [22, 25, 30, 103]
(n]FI* 484 (2.56) 543 (2.28) 597 (2.08) - [22, 24, 25]
[n]An® 481 (2.58) 555 (2.24) 610 (2.03) - [64]
[n]Cy° 272 (4.56) 339 (3.66) 401 (3.09) 465 (2.67) [29]
“Measured in PhH
®Measured in CHCl;
“Measured in Et,0
a
140 o [3]Ph
[S]Ph
120 ————[7]Ph
=== [3]Ph
- 100
E
(%]
L 80
E
- |
= 60
2 ’
3 40 ~7 \-\
20 N
0 \\..l I \l‘!
660
b
250 |- !
I-
200 |~ ! ll s [3]CY
n . 5]C
& I | [51Cy
3 | I ——— [7ICy
L I === [9]Cy
S 1 |
E e [
| 1 : ,
= 250 I~ : ] ‘
= HE 1
* a1
w : . l

Fig. 7 UV/Vis spectra of [n]cumulenes. (a) [r]Ph measured in PhH (adapted with permission
from [58]. Copyright 1964 John Wiley & Sons) and (b) [#]Cy cumulenes measured in Et,O

(adapted with permission from [58]. Copyright 1964 John Wiley & Sons)
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H

Ph H
Ph————=——=—_Ph Ph = T Ph >:-:-:-:-:<
H Ph
H
358 nm 426 nm 445 nm
(EtOH) (EtOH) (methylcyclohexane/pentane 2:1)

decreasing absorption energy (band gap)

Fig. 8 Comparison of A.,,x values of a polyyne, polyene, and cumulene (solvent for each
measurement is given in parentheses)

4. Changes in A,,x values of [#]Fl and [r]An series are similar as a function of
length, suggesting that the planar framework of the endcapping group (common
to both series) dominates over the prospect of increased conjugated resulting
from the zero linked bridge of the [r]Fl molecules versus the saturated CH,
linker found in the [r]An series.

5. The disparity in absorption energy gap (E,) between the two classes of
cumulenes with aromatic endgroups (i.e., planar and nonplanar endgroups)
decreases as a function of length, from 0.39 eV (Eyqzipn) — Egq3ipn) to
0.15 eV (Eg71pn) — Eg71¥1), confirming the reduced influence of endgroups
in the longer derivatives.

6. Amax values of [r]Cy are substantially higher energy than those of all series
containing aromatic endgroups. The difference in absorption energy gap
between the [r]Cy and [nr]F] series decreases substantially as a function of
length, from 1.61 eV (Eg([3JCy) - Eg([3JPh)) to 0.86 eV (Eg([7JCy) - Eg([7JPh))‘

7. It is interesting to note the effect on electronic behavior between polyynes,
polyenes, and cumulenes of identical length (e.g., six sp- or sp>-hybridized
carbons) and analogous substitution (Fig. 8). The Ay.x value of diphenyl-
hexatriyne (358 nm in EtOH) [97] is significantly higher energy than A,,., of
the corresponding sp>-hybridized framework diphenylhexatriene of 426 nm (in
EtOH) [104]. Finally, A,,x for the 1,6-diphenylcumulene lies at longer wave-
length (445 nm in methylcyclohexane/pentane 2:1) than either the polyene or the
polyyne [64].

3.3.2 Polyynes

Amax Values for the polyyne series are summarized in Table 4. Several general points
are worthy of comment with respect to length and the nature of the endcapping

group.

1. There is a clear decrease in the absorption energy versus polyyne length, and this
is illustrated in Fig. 9 for the Tr*[n] series. Furthermore, the lowest energy
absorption transition dominates each spectrum, with vibronic structure unmis-
takably showing as a series of narrow absorption peaks with steadily increasing
intensity toward the visible region.
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Fig. 9 UV/Vis spectra of
selected Tr*[n] polyynes as
measured in hexanes;
wavelength of A,,,x is shown
for each compound and
vibrational separation of
lowest energy absorptions for
Tr*[22] is also shown

k458 nm

1534 cm™’ 1695 cm™'

Moax 443 NM

) 419 nm

“max

Absorbance /Arbitrary Units

Mo 376 NM

n=4 % 268 nm

-\'_,_/\‘J\ : ='-'*. , ' , . ,

230 260 290 320 350 380 410 440 470
h/nm

2. Closer examination of the spectra in Fig. 9 shows that the high-energy region of
the UV/Vis spectra (230-300 nm) of the longer polyynes is nearly transparent, a
feature that stands out against most other conjugated organic oligomers.

3. The choice of endgroup clearly has noticeable effect on A,,,x values, and this is
particularly evident through comparison of the H[n] series with all others. A,,.x
values for the H[n] are at higher energy than all other polyynes of comparable
length.

4. For shorter polyynes, the endgroup effect on the absorption energy gap (E,) is
also rather pronounced, e.g., the difference in E, between the two tetraynes
tBu[4] to Tr*[4] is ca. 0.54 eV (as calculated from A,,,x = 240 nm and 268 nm,
respectively). The effect diminishes substantially for longer polyynes, e.g., the
difference in E, for decaynes tBu[10] and Tr*[10] is only 0.13 eV (as calculated
from Ap.x = 362 nm and 376 nm, respectively).

5. It is interesting to note that the electronic influence of the terminal cyano groups
on Ana 1S approximately equal to that of an alkyl or silyl group, despite the
prospect of conjugation of the cyano group to the polyyne chain.
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6. As expected, extension of the n-system through the incorporation of terminal
aryl rings results in a dramatic red shift in 4,,,x in comparison with polyynes
terminated with non-aryl groups.

Many studies have used A,,,x values for polyyne series as a predictive tool for the
bandgap of carbyne based on the premise that the absorption energy should
eventually reach an asymptotic limit, and this should be a reasonable estimate of
Amax (Eg) for carbyne. Often, a plot of E, versus 1/n has been used (where n, as
usual, is the number of acetylene units), and extrapolation to the y-intercept then
provides an estimate of 1, for an infinite polyyne chain. Using this analysis for the
series TIPS[n] (n = 2-10), a limiting value of A,,,x = 570 nm [76] is predicted,
and this value is nearly identical to that predicted for Ar*[n] polyynes of the same
lengths (Anax = 569 nm) [68]. There is, however, a possible problem with this
estimation, which is discussed by Meier and coworkers for other conjugated oligo-
and polymers [107]. Using a plot of E, versus 1/n assumes that any trend in £, will
continue monotonically through to an infinite length molecule. It is well known,
however, that t-conjugated organic oligomers reach an effective conjugation length
(ECL, also referred to as a confinement length, convergence length, delocalization
length, and saturation length) with frameworks that contain a relatively small
number of repeat units [91]. Thus, the ECL and saturation of properties such as
Jmax OF E occurs at a finite oligomer length. Looking at a plot of E, versus 1/n for
the series Tr*[n] does indeed show a noticeable deviation from linearity for the
longest members of the series [89]. Meier has suggested an alternative protocol
[107], in which the An,.x Or E,, values are analyzed using an exponential function of
the form:

l(n) = loo - (’100 - }'l)e_a(n_]> (1)

where n is the number of acetylene units, 4, iS Amax for a polyyne of length n (4, is
thus A,.x of the monomer with n = 1, calculated according to (1)), and A, is the
limiting value as n —> oo. The parameter a offers an estimate of how fast saturation
is approached. Using A,,,x data for Tr*[n] provides 1., = 486 £ 5 nm, 4; = 175

£ 13nm, and @ = 0.116 % 0.008 (Fig. 10). Thus, the convergence of 1.« values
for Tr*[n] based on (1) predicts A,.x for carbyne of ca. 485 nm (2.56 eV) and a
convergence length of ca. n = 48." Clearly, this A, value is considerably higher
in energy than that predicted by extrapolating to the asymptotic of E, at n = oo
(Amax = 564 nm, 2.20 eV) [89]. Also of note is the value @ = 0.116 that shows
saturation for polyynes is reached quite gradually in comparison with other series of
conjugated oligomers [107]. Finally, the analysis for Tr*[n] series suggests quite

TA practical definition is required to relate the approach of A,.x to 4., i.e., when one consider
the two quantities to be equal. Meier’s suggestion has been adopted here [107]: considering
the accuracy of the typical UV/Vis spectrometer (+1 nm), A,.x for carbyne is defined by
fulfillment of the relationship A, — A,y < 1 nm. Thus, in the present case, this is true at 485 nm
(i.e., 486485 nm < 1 nm).
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Fig. 10 Analysis of the
absorption maxima in the
series of Tr*[n] showing 475
convergence of values 450 4
according to (1)
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325 4

300 -
275

250 fvr—v—"v—v+r—r+rrTTT T
0 4 8 12 16 20 24 28 32 36 40 44 48
n

strongly that a polyyne structure of alternating single and triple bonds will be
maintained for carbyne, i.e., Peierls distortion will be upheld [77, 108].

3.4 X-ray Crystallography

Experimentally, as the electronic characteristics of cumulenes and polyynes are
probed by UV/Vis spectroscopy, these analyses document a predictable lowering of
the optical band gap as a function of increasing length, as described in the last
section. These analyses also have shown that saturation of this trend has not yet
been reached over the length of polyynes that is synthetically available. Given that
cumulenes and polyynes are essentially 1D conjugated systems, changes in the
band gap versus length should also be tied to structural changes of the molecules,
and manifested in bond length alternation values (BLA = the difference in the
bond length between the central-most bonds) [109, 110]. Recent theoretical studies
predict that neither the band gap nor the BLA for polyynes should reach a value of
zero [111-114], a phenomena commonly referred to as Peierls distortion [108]. The
situation is less clear for cumulenes, where calculations point to a minimal BLA
value already at the length of a [9]cumulene [94].

3.4.1 Cumulenes

To date, X-ray data have been obtained for approximately 22 [3]cumulenes, but
only five structures longer than this are reported, including [4]Ph, [S]Ph, [4]Cy,
[SICy, and [S]EtPh (Fig. 11) [115]. For the present comparison, the X-ray data for
these structures are described, including that of [3]Ph and [3]Cy. Bond lengths and
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Et Et
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Fig. 11 Chemical structures and atomic numbering of [r]Ph, [r]Cy, and [S]EtPh with X-ray
structures reported in the literature. Inset: schematic description of -, -, and y-bonds of generic
cumulene structures

angles of the cumulenic chains are listed in Tables 5 and 6, respectively, following
the atomic numbering system found in Fig. 11.
Several general trends are found from these data.

1. The terminal double bonds (o) of the cumulenic chain are always the longest
within a particular camulene structure, at 1.31-1.35 A. In the “odd” [n]cumulenes
(i.e., n = odd), these values are similar to that of a typical conjugated double
bond. For the “even” cumulene, [4]Ph, as well as the [r]Cy series terminated with
nonconjugating alkyl groups, the a-bonds are shorter, in a range of 1.313-1.332 A.
Thus, the presence or lack of conjugation through both endgroups has a marked
effect on this bond length. This is nicely described schematically with simple
resonance structures as in Fig. 12, where the a-double bonds in [4]cumulenes
maintain more double bond character in the ionic resonance structures. Con-
versely, odd numbered [n]cumulenes show that the a-double bond has more single
bond character, a situation that would be augmented with aromatic substituents.

2. In all cases, the B-double bond is the shortest in the cumulenic chain, with values
that lie between ca. 1.25 and 1.28 A, i.e., they begin to resemble acetylenic
bonds. The values of the central bonds in [S]cumulenes, vy, at 1.30-1.31 A, are
intermediate to those of o and . Thus, bond length alternation remains strong for
cumulenes with either aryl or alkyl endgroups.

3. The BLA values for [#]Ph and [r]Cy cumulenes decrease as a function of length
although data are limited. Interesting is the fact that BLA values for the [4]- and
[5]cumulenes in both series are approximately identical.
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Table 6 Selected angles (°) for series of [#]Jcumulenes®

Cl-C2-C3 (C2-C3-C4 (C3-C4-C5 (C4-C5-C6 Reference

[3Ph 1763 (2" 1763 (2)° - - [116]
176.1 (1)*  176.0 (1)° [116]
[4Ph¢ 1785 178.9 177.9 - [117]

[5Ph  178.83(15) 179.81 (19) 179.04 (17) 17931 (16) [118]°
[SIEtPh 177.96 (17) 1779 (3) ~ - [119]

[31Cy*  179.08 - - - [120]
[dicy!  179.1 178.9 178.1 - [117]
[51Cy*  179.0 179.7° - - [120]

See Fig. 11 for atomic numbering scheme

®Structure determination at 20°C

Structure determination at —160°C

YESDs not reported in [117, 120]

°The structure of [5]Ph was reported without values for bond lengths and angles, see [118];
Bond lengths and angles from Januszewski et al. unpublished

fco-c3-c3

£C1-C2-C2

/:{\':_—{J?< e /:/_—E ® \/U::::k?,\} g .&>7. " _<’.,

[4]cumulenes [5]cumulenes

Fig. 12 Canonical structures for [4]- and [S]cumulenes

4. BLA values for the longest derivatives, [S]Ph, [S]EtPh, and [5]Cy at 0.058 A,
0.059 A, and 0.040 A, respectively, reflect endgroup effects, as described in
point 1.

The bond angles of the [n]cumulenes approach 180° as expected for linear
molecules, and deviations are negligible for all derivatives (<2°), except for
[3]Ph which shows angles of 176.3(2)°. While only a small number of structures
are available, the linearity of the [n]cumulenes stands in stark contrast to that
observed for polyynes (vide infra), where bending of the sp-carbon polyyne chain
is often observed, even in short derivatives [45, 76, 78, 85, 121].

3.4.2 Polyynes

As outlined in several of the previous sections, NMR, UV/Vis, and IR spectroscopic
analyses for polyynes have become almost routine in recent years. In spite of these
efforts, one particular question has remained unanswered until recently: Do
extended polyynes show experimental evidence of reduced bond length alternation
(BLA) as molecular length is increased? Unfortunately, like the analysis of
cumulenes, X-ray crystallographic data for polyynes that could provide a definitive
answer to this question are quite rare. A recent review by Szafert and Gladysz
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beautifully tabulated crystallographic data for known polyynes with n > 4, and
they estimated a BLA of ca. 0.07-0.08 A for an infinite polyyne system [44, 45].
Computational chemists have also addressed the issue of BLA in polyynes
[111-114], and from these theoretical studies it is clear that several factors can
have a dramatic effect on results, including the choice of basis set and electron
correlation [111-114, 122—-125]. Nonetheless, the trend that emerges from recent
investigations suggests that the BLA value for H[n] polyynes should converge to a
value of ca. 0.13 A at the infinite limit of carbyne [111, 112, 114]. A comparison of
these predictions to experiment will be, quite clearly, complicated by “endgroup
effects,” since crystallographic analysis will be limited to derivatives that are
terminated with endgroups other than H. The presence of endgroups will perturb
the polyyne framework, to some extent, but this is unavoidable in the absence of
stable, crystalline H[n]. When excluding polyynes endcapped with metals, four
series offer a sufficient number of crystallographic analyses for consideration of
BLA trends: tBu[n], TIPS[n], Ph[n], and Co[r]. A summary of bond lengths is
found in Table 7, using the bond labeling scheme shown in Fig. 13, which classifies
each bond based on its position in the polyyne chain.

The analysis of BLA from these X-ray data has been conducted as reported for
computed structures: BLA equals the bond length difference between the central
single and triple bonds in each structure (Table 7).” The most complete set of data
exists for fBu[n] polyynes and shows a consistent decrease in BLA values from a
maximum of 0.183 A for dimer tBu[2] to a minimum of 0.139 A (averaged BLA of
two crystallographically independent molecules of tBu[10]). A plot of BLA versus
n for Bu[n] polyynes is shown in Fig. 14 and suggests that BLA will reach a
constant value at around 0.135 1&, consistent with theoretical predictions [77].

Both TIPS[#] and Ph[r] polyynes also show a general overall reduction in both
BLA values as a function of length, although Ph[5] and TIPS[8] present a rather
dramatic divergence from the trend. It is not known whether these apparent
deviations result from variances from the individual experimental values or from,
perhaps, endgroup effects. Crystallographic data for the Co[n] polyynes, interest-
ingly, show an increase in BLA, from 0.121 A for Co[2] to values of 0.15 and
0.132 A for Co[6] and Co[7], respectively. It seems plausible that this would result
from electronic interactions between the Cos-carbonyl clusters that terminate the
polyynes.

An analysis of bond angles for tBu[n], TIPS[n], Ph[r], and Co[n] series of
polyynes would undoubtedly yield interesting observations, but would not provide
any discernable trends beyond those elegantly presented in the review from Szafert
and Gladysz [44, 45]. Thus, only several comments are provided here regarding
bond angles observed for polyynes in the solid state. Of the molecules discussed in
this review, TIPS[8] shows the most dramatic deviations from linearity (Fig. 15a).
Each individual acetylene unit bears only a slight deviation from linearity, ranging

2 For non-centrosymmetric structures, the BLA was calculated using the average of positionally
equivalent bonds.
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Fig. 13 Chemical structures ———s—=—
and bond labeling scheme
of polyynes with X-ray ———

structures described a By p
in this review i

|l =]

a f ] HT
o B 8¢ 8y pa
« By e e dy P a
apBY oclnieodypo
@ pY e TMONCTE ST P
A B Y b e MO L KL BNLE B B
Fig. 14 Bond length 0.2-
alternation values for tBu[rn], ’ A
TIPS[xn], Ph[n], and Co[n] —+—1tBuln]
olyynes = TIPS[n]
POy 0.18-
A Phin]
= e Coln]
” 0.16 |
<T
@
0.14 1
L ]
L ]
0.12 1 .
Oy1 T L} 1 T T 1

from 179.3(4) to 173.7(4)° with an average C=C—X (X=C or Si) bond angle of
176.9°. Overall, however, the cumulative effect of these deviations results in a
rather dramatic curvature in an unsymmetrical bow shape. The shape of TIPS[8]
most closely resembles that of a platinum endcapped hexayne reported by Gladysz
and coworkers [128] that assumes a symmetric bow conformation in the solid state
with a slightly lower average C=C—X angle of 174.6°.

There are two crystallographically independent molecules in the unit cell of the
structure of fBu[10] and both deviate somewhat from linearity. The unsymmetrical
molecule fBu[10]A adopts a sort of helical conformation with C=C-C bond angles
that range from 174.4(6) to 179.3(5)° (Fig. 15b, d). The centrosymmetric molecule
fBu[10]B adopts a gentle S shape, with a slightly smaller deviation from linearity
and C=C-C bond angles that range from 176.1(6) to 179.5(8)° (Fig. 15¢, e).
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Fig. 15 Bond angles for (a) TIPS[8], (b) tBu[10]A, and (c) fBu[10]B; end on view of (d) fBu[10]A
and (e) tBu[10]B

4 Conclusions

The studies outlined in this review offer a description of the current knowledge of
the properties and structure of cumulene and polyyne oligomers. Furthermore,
studies of polyynes provide some insight as to the possible properties of carbyne,
which is currently predicted to maintain a polyyne structure with significant bond
length alternation. Unlike the study of polyynes, the investigation of cumulenes
remains in its infancy, with instability of the longer cumulenes thwarting most
synthetic efforts to date. As a result, trends for most physical and spectroscopic
characteristics of the cumulenes remain to be discovered. Undoubtedly, this syn-
thetic challenge will be undertaken by chemists in the near future. Indeed, during
the course of production for this chapter, the structural characteristics of cumulenes
have been described [129].
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